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controlling  c-myc  mRNA  turnover  in  response  to  stress  via  targeting  c-myc  mRNAby  miR-24  and 
miR-130a.  Our  results  also  imply  that  miR-130a  and  miR-24  may  possesses  a  tumor  suppressor 
function  through  down  regulating  c-Myc. 
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1.  INTRODUCTION 


The  c-Myc  oncoprotein  is  deregulated  in  many  human  cancers.  Thus,  proper  control  of  c-Myc  level  and 
activity  is  essential  for  normal  cell  growth  and  proliferation.  We  have  previously  identified  that  ribosomal 
protein  Lll  suppresses  c-Myc  transactivation  activity  ’  and  reduces  c-myc  mRNA  levels  .  Interestingly,  c- 
myc  mRNA  is  markedly  reduced  in  response  to  ribosomal  stress  and  Lll  plays  a  novel  and  key  role  in 

4 

mediating  this  ribosomal  stress-induced  c-myc  mRNA  turnover  .  Interestingly,  c-Myc  is  also  down-regulated 
in  cells  following  DNA  damage,  such  as  those  induced  by  ultraviolet  (UV)  and  y-irradiation  (IR).  The  purpose 
of  this  proposal  is  to  examine  whether  and  how  LI  1  is  involved  in  the  regulation  of  c-Myc  in  response  to  DNA 
damage.  Specifically,  the  goal  of  this  study  was  to  determine  whether  Lll  regulates  c-myc  mRNA  levels  and 
stability  by  recruiting  miRNAs  in  response  to  DNA  damage  as  well  as  its  underlying  mechanisms.  Results 
from  these  experiments  would  demonstrate  an  important  function  of  Lll  in  regulating  c-myc  mRNA  in 
response  to  DNA  damage,  offer  useful  information  for  developing  anti-tumor  drugs  that  target  c-myc  mRNA  in 
cancers,  and  have  a  significant  impact  on  the  understanding  of  c-Myc-induced  tumorigenesis. 

2.  Keywords 

c-Myc; 

Ribosomal  proteins; 

Ribosomal  stress; 

microRNA; 

miRISC; 

miR-130a; 

miR-24; 

Lll; 

DNA  damage; 

UV  irradiation; 

Oncogene; 

Cell  cycle; 
mRNA  decay 

3.  Overall  project  summary 

During  the  funding  period,  we  have  made  two  important  findings.  First,  we  found  that  Lll  recruits 
microRNA  (miRNA)-24  (miR-24)  loaded  RNA  interference  silencing  complex  (miRISC)  to  suppress  c-myc 
mRNA  expression.  Lll  binds  to  the  c-myc  mRNA  at  its  3 ’-untranslated  region  (3’-UTR).  Overexpression  of 
Lll  suppresses  the  expression  of  luciferase  mRNA  and  activity,  whereas  knockdown  of  Lll  increases  these 
levels  and  activity,  in  cells  transfected  with  luciferase  reporter  containing  the  c-myc  3’-UTR  (pGL3-myc 
3’UTR),  but  not  the  control  pGL3  vector.  We  further  confirmed  that  Lll  binds  to  the  miRISC  component 
Ago2  and  miR-24.  Knockdown  of  LI  1  rescued  the  c-myc  mRNA  reduction  mediated  by  either  overexpression 
of  miR-24  or  knockdown  of  Ago2,  suggesting  that  Lll  recruits  miR-24/miRISC  to  repress  c-Myc. 
Interestingly,  ribosomal  stress  induced  by  perturbation  of  ribosomal  biogenesis 
results  in  a  significant  c-myc  mRNA  reduction  in  a  LI  1-dependent  manner  in 
cells.  Lll  binding  to  c-myc  mRNA,  miR-24,  and  Ago2  was  significantly 
increased  following  ribosomal  stress.  Together,  our  data  identify  a  novel 
regulatory  paradigm  wherein  Lll  plays  a  critical  role  in  controlling  c-myc 
mRNA  turnover  via  recruiting  miRISC  in  response  to  ribosomal  stress,  thus 
ensuing  a  tight  coordination  between  the  levels  and  activity  of  c-Myc  and 
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ribosomal  biogenesis.  This  work  has  been  published  in  Mol  Cell  Biol  (2011)  . 

In  addition,  we  purified  Lll-associated-miRNAs  from  293  cells  using 
deep  sequencing  and  initial  results  identified  that  Lll  associates  with  a  number 
of  novel  miRNAs,  including  miR-130a  and  miR-24  (Figure  1).  We  also  tested 
an  array  of  miRNAs  possessing  tumor  suppressor  functions  for  Lll  binding 


miR-16 

miR-103 

miR-1248 

miR-130a  (+/-) 

miR-3944  (-) 

miR-1 285(+/-) 

miR-191 

miR-1181  (-) 

miR-548d-3p  (-) 

miR-320a 

miR-1972  (+/-) 

hsa-miR-24 

miR-1244 

miR-107 

miR-744 

miR-1 234  (-) 

Figure  1.  Lll-associated  miRNAs 
identified  by  RNA-IP-RNAseq. 

293  cells  transfected  with  Flag-Ll  1 
were  subjected  to  affinity 
purification  of  LI  1-RNA  complex 
followed  by  RNAseq. 
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and  found  that  LI  1  bound  strongly  to  miR-130a  and  to  a  less  extent  to  niiR-16,  but  not  other  tested  miRNAs 
(Fig.  1A  in  the  attached  paper:  Li  Y,  et  al,  Oncotarget,  2015  5).  Our  subsequent  study  revealed  that  LI  1 
recruits  miR-130a  to  c-myc  niRNA  to  suppress  c-Myc  expression  in  response  to  UV-mediated  DNA  damage. 
We  showed  that  miR-130a  directly  targets  c-myc  3’-UTR.  Overexpression  of  miR-130a  promotes  the  Ago2 
binding  to  c-myc  mRNA,  significantly  reduces  the  levels  of  both  c-Myc  protein  and  mRNA  and  inhibits  cell 
proliferation,  whereas  inhibiting  miR-130a  significantly  increases  c-Myc  levels.  UV  treatment  markedly 
promotes  the  binding  of  LI  1  to  miR-130a,  c-myc  mRNA  as  well  as  Ago2  in  cells.  Importantly,  inhibiting  miR- 
130a  significantly  suppresses  UV-mediated  c-Myc  reduction.  We  further  show  that  LI  1  is  relocalized  from  the 
nucleolus  to  the  cytoplasm  where  it  associates  with  c-myc  mRNA  upon  UV  treatment.  Together,  these  results 
reveal  a  novel  mechanism  underlying  c-Myc  down-regulation  in  response  to  UV-mediated  DNA  damage, 
wherein  LI  1  promotes  miR-130a-loaded  miRISC  to  target  c-myc  mRNA.  This  work  was  accepted  for 
publication  in  Oncotarget  (Li  Y,  el  al,  201 5 f  and  the  proof  is  attached  in  this  final  progress  report. 

Specifically  relating  to  the  statement  of  Work  (SOW)  of  this  award,  following  points  are  addressed: 

Aim  1.  To  determine  if  LI  1  regulates  c-myc  mRNA  in  response  to  UV  and  y-IR. 

We  have  found  that  c-myc  mRNA  is  reduced  in  cells  treated  with  UV  and  the  y-IR  mimicking  agent  NCS 
(neocarzinostatin)  (Fig.  2  and  Figs.  5B  and  5D  in  the 
attached  paper:  Li  Y,  et  al,  Oncotarget,  2015  5).  This  10 

reduction  requires  Lll  as  knockdown  of  Lll  abolished  §  08 

UV-mediated  reduction  of  the  c-myc  mRNA  (Figs.  5G  ^  0.6 

and  5H  in  the  attached  payer:  Li  Y,  et  al,  Oncotarget,  ^ 

5  S,  0.4 

2015  ),  suggesting  that  Lll  plays  an  important  role  in  g 

regulating  c-myc  levels  in  response  to  DNA  damage.  °  °'2 

Thus,  this  aim  has  been  completed.  o.o 

Ctl  UV  NCS 

Aim  2.  To  examine  if  Lll  recruits  miRNA(s)  to  the  3  ’UTR  of  c-myc  mRNA  in  response  to  UV  and  y-LR. 

We  have  foimd  that  UV  damage  enhances  Lll  association  with  c-myc  mRNA  [task  2(1)]  (Fig.  6A  in  Li  Y, 
et  al,  Oncotarget,  2015  5).  To  further  characterize  the  role  of  Lll  in  c-Myc  regulation  in  response  to  DNA 
damage,  we  have  performed  experiments  covered  in  tasks  2(2)-2(4).  We  focus  on  miR-130a  instead  of  the 
proposed  miR-145  or  let-7,  as  miR-130a  associates  with  Lll.  We  have  shown  that  overexpression  of  miR- 
130a  mimics  significantly  reduced  the  levels  of  c-Myc  protein  and  c-myc  mRNA  in  U20S  cells  and  human 
normal  fibroblast  WI38  cells  (Figs.  2A  and  2B  in  Li  Y,  et  al,  Oncotarget.  2015  5).  Consistently,  inhibition  of 
nnR-130a  using  RNA  inhibitor  significantly  increased  the  levels  of  c-Myc  protein  and  c-myc  mRNA  (Figs.  2C 
and  2D  in  Li  Y,  et  al  Oncotarget,  2015  5).  We  also  showed  that  overexpression  of  miR-130a  significantly 
reduced  the  luciferase  activity  in  cells  transfected  with  pGL3-myc  3’UTR,  but  not  the  control  pGL3,  reporter 
(Fig.  3A  inZ?  Y,  et  al,  Oncotarget ,  2015  5).  which  requires  the  mil- 130a  binding  site  at  the  c-myc  3 ’-UTR  (Fig. 
3D  in  Li  Y,  et  al,  Oncotarget.  2015  5).  Also,  overexpression  of  miR-130a  significantly  increased  the  binding  of 
Ago2  to  the  c-myc,  but  not  GAPDH,  mRNA  (Figs.  3E  and  3F  in  Li  Y,  et  al,  Oncotarget,  2015  5).  Altogether, 
these  data  indicate  that  miR-130a  directly  targets  the  c-myc  mRNA  to  regulate  the  levels  of  c-Myc.  We  further 
show  that  UV  irradiation  significantly  increased  the  association  of  LI  1  with  miR-130a  [tasks  2(2) ]  (Fig.  6F  in 
Li  Y,  et  al,  Oncotarget,  2015  5)  and  inhibiting  miR-130a  significantly  abolished  UV-mediated  c-myc  reduction 
[ tasks  2(3)  1  (Figs.  61  and  6J  in  Li  Y,  et  al,  Oncotarget,  2015  5).  These  results  was  summarized  in  the  paper  (Li 
Y,  et  al,  Oncotarget,  2015)'  In  addition,  our  RNA-IP-RNAseq  assays  from  293  cells  stably  expressed  Flag- 
L 1 1  using  anti-Flag  antibody  (task  2(5))  showed  that  miR-130a  is  one  of  the  LI  1 -associated  miRNAs  (Above 
Fig.  1  and  Fig.  1A  inZ?  Y,  et  al,  Oncotarget,  2015  5).  Therefore,  we  have  also  completed  this  aim  2. 

Aim3.  To  elucidate  the  mechanism  underlying  Lll  regulation  of  c-myc  mRNA  in  response  to  UV  and  y- 
IR. 


Figure  2.  c-myc 
mRNA  is  reduced  by 
treatment  with  UV  or 
NCS.  U20S  cells 
treated  with  UVC 
(40J)  or  NCS  (0.5 
ixg/ml)  were  subjected 
to  RT-qPCR. 
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Mechanistically,  we  have  shown  that  UV  treatment  significantly  increased  the  binding  of  Ago2  to  both  c- 
myc  ruRNA  and  miR-130a  in  cells  (proposed  in  task  3(1))  (Figs.  6D  and  6E  in  Li  Y.  et  ah  Oncotarset.  2015  ~). 
Furthermore.  UV  treatment  also  significantly  increased  the  binding  of  LI  1  to  both  c-myc  mRNA  in  U20S  cells 
(Fig.  6A  in  Li  Y.  et  al.  Oncotarset.  2015  5)  and  luciferase  mRNA  containing  c-myc  3’UTR  in  cells  transfected 
with  pGL3-myc  3’UTR  reporter  (Figs.  6B  and  6C  in  Li  Y,  et  al ,  Oncotarset,  2015  ').  Consistently,  UV 
treatment  increased  the  interaction  of  Lll  with  Ago2  (Fig.  6G  in  Li  Y,  et  al,  Oncotarset,  2015  ?).  Altogether, 
these  data  suggest  that  UV  treatment  increases  the  recruitment  of  miR-130a-loaded  nuRISC  to  c-myc  ruRNA 
to  suppress  c-Myc  expression.  We  also  found  that  UV  treatment  leads  to  the 
relocalization  of  Lll  from  the  nucleolus  into  the  cytoplasm  where  it  recruits  ^ 
miR-130a  to  target  c-myc  mRNA  following  UV  (Fig.  7  in  Li  Y,  et  al. 


Oncotarset ,  2015  ).  These  data  was  also  summarized  in  the  paper  by  Li  Y,  el 
al  (Oncolarget,  2015 f . 

Finally,  we  have  performed  niiRNA  microarray  analysis  to  identify 
whether  knockdown  of  LI  1  changes  microRNA  expression  pattern  in  cells.  We 
have  found  that  99  rniRNAs  (e.g.  miR-4668-5p)  were  reduced  whereas  79  (e.g. 
miR-5194)  were  increased  by  Lll  knockdown  (Fig.  3).  These  assays  partially 
address  the  Task  2(4).  Future  studies  will  focus  on  analyzing  cancer-associated 
rniRNAs  (tumor  suppressor  and  oncogenic  rniRNAs)  among  these  rniRNAs. 
Regarding  the  regulation  of  LI  1 -mediated  c-myc  mRNA  decay  by  other  Lll 
interacting  proteins  as  proposed  in  Tasks  3(2)-3( 4),  we  have  found  that  Lll 
interacts  with  the 

A  R 

microprocessor  Input  IP  a-Flag  D  Input  IP  a-Flag 

DGCRS/Drosha 
complex  (Fig.  4  and 
Fig.  5).  We  will 
examine  the  possible 
role  of  Lll  in 
regulating  niiRNA 
biogenesis  in  future 
studies. 


Input 
+  + 
+ 


a-V5 

a-Flag 


V5-DGCR8 

Rag4.11 

DGCR8  a-GFP 
a-Flag 


GFP4.11 

Flag-DGCR8 

Lll 

DGCR8 


a-GFP 

a-Flag 


Figure  3.  Heatmap 
of  niiRNA 
expression.  U20S 
cells  transfected 
with  scrambled  or 
Lll  siRNA  for  48 
hours  were  assayed 
by  rniRNA 
microarray  for  the 
expression  of 
rniRNAs  covered 
by  miRBase  V18. 


IP:  a-Flag 
+  +  GFP-L11 

+  Flag-Drosha 

Lll 


*■  Drosha 


Figure  4.  LI  1  interacts  with  DGCR8.  293  cells  transfected  with 
V5-DGCRS  and  Flag-Ll  1  or  control  vector  (A)  or  with  GFP- 
L1 1  and  Flag-DGCR8  or  control  vector  (B)  were  subjected  to 
co- IP  with  anti-Flag  follow  ed  by  IB 


Figure  5.  LI  1  interacts  with  Drosha. 
293  cells  transfected  with  GFP-L1 1 
and  Flag-Drosha  or  control  vector 
were  subjected  to  co-IP  with  anti- 
Flag  followed  by  IB. 


4.  KEY  RESEARCH  ACCOMPLISHMENTS: 

(1) .  Lll  destabilizes  c-myc  mRNA  via  a  miRNA-mediated  pathway. 

(2) .  c-myc  mRNA  is  reduced  in  response  to  DNA  damage  (UV  or  IR)  and  ribosomal  stress. 

(3) .  DNA  damage  or  ribosomal  stress-induced  c-myc  ruRNA  dowmegulation  requires  Lll. 

(4) .  mtR-130a  targets  c-myc  ruRNA  in  cells. 

(5) .  UV  treatment  increased  the  recruitment  of  miR-130a-loaded  miRISC  to  the  c-myc  mRNA. 

(6) .  UV  treatment  relocates  Lll  from  the  nucleolus  to  the  cytoplasm  to  recruit  miR-130a  to  c-myc  mRNA. 

(7) .  Lll  interacts  with  the  rniRNA  microprocessor  complex  Droslia-DGCR8. 

5.  CONCLUSIONS 

Lll  plays  an  important  role  in  c-myc  dowmegulation  m  response  to  DNA  damage,  suggesting  that  the 
nncroRNA-mediated  c-myc  mRNA  decay  is  an  important  mechanism  that  coordinates  ribosomal  biogenesis 
and  c-Myc  activity  during  stress  conditions. 
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c-Myc  promotes  cell  growth  by  enhancing  ribosomal  biogenesis  and  translation.  Deregulated  expression  of 
c-Myc  and  aberrant  ribosomal  biogenesis  and  translation  contribute  to  tumorigenesis.  Thus,  a  line  coordina¬ 
tion  between  c-Myc  and  ribosomal  biogenesis  is  vital  for  normal  cell  homeostasis.  Here,  we  show  that  ribosomal 
protein  Lll  regulates  c -myc  mRNA  turnover.  Lll  binds  to  c-myc  mRNA  at  its  3'  untranslated  region  (3'-UTR), 
the  core  component  of  microRNA-induced  silencing  complex  (miRISC)  argonaute  2  (Ago2),  as  well  as  miR-24, 
leading  to  c-myc  mRNA  reduction.  Knockdown  of  Lll  drastically  increases  the  levels  and  stability  of  c-myc 
mRNA.  Ablation  of  Ago2  abrogated  the  Lll-mediated  reduction  of  c-myc  mRNA,  whereas  knockdown  of  Lll 
rescued  miR-24-mediated  c-myc  mRNA  decay.  Interestingly,  treatment  of  cells  with  the  ribosomal  stress- 
inducing  agent  actinomycin  D  or  5-fluorouracil  significantly  decreased  the  c-myc  mRNA  levels  in  an  Lll-  and 
Ago2-dependent  manner.  Both  treatments  enhanced  the  association  of  Lll  with  Ago2,  miR-24,  and  c-myc  mRNA. 

We  further  show  that  ribosome-free  Lll  binds  to  c-myc  mRNA  in  the  cytoplasm  and  that  this  binding  is  enhanced 
by  actinomycin  D  treatment.  Together,  our  results  identify  a  novel  regulatory  paradigm  wherein  Lll  plays  a  critical 
role  in  controlling  c-myc  mRNA  turnover  via  recruiting  miRISC  in  response  to  ribosomal  stress. 


The  c-myc  proto-oncogene  product  c-Myc  regulates  expres¬ 
sion  of  a  large  number  of  genes  involved  in  the  control  of  cell 
growth,  proliferation,  apoptosis,  differentiation,  angiogenesis, 
stem  cell  renewal,  and  metabolism,  as  well  as  ribosomal  bio¬ 
genesis  and  translation  (1,  62).  However,  deregulated  overex¬ 
pression  of  c-Myc  occurs  in  a  wide  range  of  human  cancers 
(43).  Transgenic  animal  studies  have  clearly  shown  the  onco¬ 
genic  potential  of  c-Myc  (45).  Thus,  the  levels  and  activity  of 
c-Myc  must  be  precisely  regulated  in  normal  cells. 

The  c-Myc  activity  seen  in  promoting  cell  proliferation  and 
tumorigenesis  is  thoroughly  integrated  with  its  role  in  enhanc¬ 
ing  ribosomal  biogenesis  (13,  62).  Ribosomal  biogenesis  is  a 
multistep  cellular  process,  which  includes  synthesis  of  rRNA 
and  ribosomal  proteins  (RPs),  rRNA  processing,  and  the  as¬ 
sembly  of  the  mature  ribosome  subunits  in  the  nucleolus  fol¬ 
lowed  by  their  transport  into  the  cytoplasm  (50).  This  process 
requires  coordinated  transcription  catalyzed  by  all  three  RNA 
polymerases  (RNA  Pol  I,  II,  and  III).  c-Myc  enhances  RNA 
Pol  I-catalyzed  synthesis  of  rRNA  (3,  24,  25)  and  Pol  Ill- 
catalyzed  synthesis  of  5S  rRNA  and  tRNAs  (23).  c-Myc  also 
promotes  Pol  Il-catalyzed  transcription  of  ribosomal  proteins  and 
translation  initiation  and  elongation  factors,  as  well  as  many  nu¬ 
cleolar  proteins  required  for  rRNA  processing  and  ribosome  sub¬ 
unit  assembly  and  transport  (62).  Collectively,  c-Myc  potentiates 
ribosomal  biogenesis  and  translation  activity. 

Accumulating  evidence  has  suggested  that  enhanced  ribosomal 
biogenesis  and  translation  contribute  to  cell  transformation  (13, 
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54).  For  example,  overexpression  of  RNA  Pol  Ill-specific  tran¬ 
scription  factor  BrfI  or  RNA  Pol  Ill-transcribed  tRNANet  alone 
is  sufficient  to  induce  cell  transformation  and  tumorigenicity  in 
mice  (40).  Likewise,  overexpression  of  translation  initiation  fac¬ 
tors  such  as  eukaryotic  translation  initiation  factors  4E  (eIF4E) 
(53),  eIF4G  (20),  and  eIF3s  (66)  promotes  transformation  in 
cells.  Thus,  c-Myc-enhanced  ribosomal  biogenesis  and  translation 
conceivably  contribute  to  its  oncogenic  activity  and  should  be 
tightly  regulated  during  normal  cell  homeostasis. 

We  have  previously  demonstrated  that  RP  Lll  binds  to  c-Myc 
and  inhibits  the  recruitment  of  the  key  coactivator  TRRAP  at 
c-Myc  target  gene  promoters,  leading  to  direct  inhibition  of  c- 
Myc-driven  gene  transcription  by  all  the  three  RNA  Pols  (12, 
17).  We  have  also  found  that  Lll  regulates  c-Myc  levels  (12, 
15).  However,  the  underlying  mechanism  is  not  clear.  Interest¬ 
ingly,  Lll,  together  with  several  other  RPs,  also  plays  a  key 
role  in  transmitting  ribosomal  stress  signals  to  p53-dependent 
cell  cycle  checkpoints  via  suppressing  MDM2,  a  major  p53 
negative  regulator  (10,  14,  18,  28,  36,  44,  69,  70).  Ribosomal 
stress,  also  called  nucleolar  stress  because  it  is  often  accompa¬ 
nied  by  nucleolar  disruption  (52),  is  triggered  by  perturbation 
of  any  of  the  steps  involved  in  ribosomal  biogenesis  (68),  such 
as  treatment  of  cells  with  a  low  dose  of  actinomycin  D  (Act  D) 
(4,  14,  18),  5-fluorouracil  (5-FU)  (57),  or  mycophenolic  acid 
(58),  expression  of  the  dominant-negative  mutant  of  the  Bopl 
rRNA  processing  factor  (56),  serum  starvation  or  contact  in¬ 
hibition  (4),  genetic  disruption  of  the  TIF-IA  Pol  I  transcrip¬ 
tion  initiation  factor  (65),  or  knockdown  of  certain  ribosomal 
proteins  (21,  59).  In  response  to  ribosomal  stress,  these  RPs, 
including  Lll,  are  released  from  the  nucleolus  or  from  intact 
ribosomes  to  suppress  MDM2  (68).  However,  whether  Lll 
suppresses  c-Myc  in  response  to  ribosomal  stress  is  not  known. 
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MicroRNAs  (miRNAs)  are  evolutionarily  conserved  small 
noncoding  RNAs  that  are  ~22  nucleotides  (nt)  in  length  and 
have  emerged  as  key  posttranscriptional  regulators  of  gene 
expression  (33).  The  mature  miRNA  is  incorporated  into  an 
RNA-induced  silencing  complex  (RISC)  called  miRNA-induced 
silencing  complex  (miRISC)  and  pairs  with  the  3'  untranslated 
region  (3'-UTR)  of  target  mRNAs,  leading  to  their  transla¬ 
tional  inhibition  and/or  mRNA  degradation  (33).  In  this  study, 
we  found  that  Lll  regulates  c -myc  mRNA  stability  via  a 
miRNA-mediated  pathway.  Lll  binds  to  c -myc  mRNA  at  its 
3'-UTR,  recruits  a  miR-24-loaded  miRISC  to  the  c -myc  mRNA, 
and  subsequently  promotes  c -myc  mRNA  degradation.  Inter¬ 
estingly,  ribosomal  stress  induced  by  treatment  of  cells  with  a 
low  dose  of  Act  D  or  5-FU  drastically  reduced  the  levels  of 
c -myc  mRNA  in  an  Lll-  and  argonaute  2  (Ago2)-dependent 
manner.  Both  treatments  enhance  the  association  of  Lll  with 
Ago2,  miR-24,  and  c -myc  mRNA.  These  results  reveal  a  novel 
regulatory  paradigm  wherein  Lll  plays  a  critical  role  in  con¬ 
trolling  c -myc  mRNA  stability  in  response  to  ribosomal  stress. 

MATERIALS  AND  METHODS 

Cell  culture,  antibodies,  plasmids,  and  reagents.  Human  lung  non-small  cell 
carcinoma  HI 299  cells,  human  osteosarcoma  U20S  cells,  and  human  embryonic 
kidney  epithelial  293  cells  were  cultured  in  Dulbecco’s  modified  Eagle’s  medium 
(DMEM)  supplemented  with  10%  fetal  bovine  serum  (FBS),  50  U  of  penicillin/ 
ml,  and  0.1  mg  of  streptomycin/ml  at  37°C  in  a  5%  C02  humidified  atmosphere 
(18).  Human  diploid  lung  fibroblast  WI38  cells  were  cultured  in  DMEM  sup¬ 
plemented  with  15%  FBS  and  MEM  nonessential  amino  acids  (Gibco).  To 
observe  the  c-Myc  regulation  by  overexpression  of  Lll,  cells  were  transfected 
and  cultured  in  DMEM  containing  0.2%  FBS.  Anti-Flag  (M2;  Sigma),  rabbit 
polyclonal  anti-Ago2  (Millipore),  mouse  monoclonal  anti-Ago2  (Abeam),  mouse 
monoclonal  anti-Myc  (9E10;  Zymed),  and  mouse  polyclonal  anti-Myc  (Y69; 
Abeam)  antibodies  were  purchased.  Rabbit  polyclonal  anti-Lll  (12)  and  anti- 
L23  (18)  antibodies  were  previously  described.  Act  D  and  5-FU  were  purchased 
from  Sigma.  The  Flag-tagged  Lll  (Flag-Lll)  plasmid  was  previously  described 
(12).  To  construct  a  pGL3-rayc3' UTR  luciferase  reporter,  the  c -myc  3'-UTR  was 
amplified  from  U20S  cell  mRNA  by  reverse  transcriptase  PCR  (RT-PCR)  with 
primers  5  '-CGCTCTAGAGGAAAAGTAAGGAAAACGATTCCTTC-3 '  and 
5 '  -CGCTCTAG ATTGGCTCAATGATATATTTGCCAG-3 ' ,  where  the  under¬ 
lined  sequences  represent  the  Xbal  site.  The  PCR  product  was  then  cloned  into 
pGL3-promoter  plasmid  (Promega)  at  the  Xbal  site  and  sequenced.  The  lucif¬ 
erase  reporters  containing  different  fragments  of  c -myc  3' -UTR  were  cloned  by 
inserting  PCR  products  into  the  pGL3-promoter  plasmid  at  the  Xbal  site. 

Transfection,  immunoblot,  and  coimmunoprecipitation  analyses.  Cells  were 
transfected  with  plasmids  by  the  use  of  TransIT-LTl  reagents  following  the 
manufacturer’s  protocol  (Mirus  Bio  Corporation).  Cells  were  harvested  at  48  h 
posttransfection  and  lysed  in  lysis  buffer  consisting  of  50  mM  Tris-HCl  (pH  8.0), 
0.5%  Nonidet  P-40,  5  mM  EDTA,  150  mM  NaCl,  1  mM  phenylmethylsulfonyl 
fluoride  (PMSF),  1  mM  dithiothreitol  (DTT),  1  |xg  of  pepstatin  A/ml,  and  1  mM 
leupeptin.  Equal  amounts  of  cell  lysates  were  used  for  immunoblot  (IB)  analysis 
as  described  previously  (16).  Coimmunoprecipitation  (co-IP)  was  conducted  as 
described  previously  (14,  16).  Sequential  co-IP  of  Lll  and  c-Myc  was  conducted 
as  described  previously  (12,  17).  RNA  was  extracted  from  the  immunoprecipi- 
tates  and  subjected  to  RT-quantitative  PCR  (RT-qPCR)  assays  as  described 
below.  For  analysis  of  the  RNA  dependency  of  Lll-Ago2  interaction  (see  Fig.  3), 
RNase  A  (200  |xg/ml)  was  added  to  cell  lysates  followed  by  IP. 

[35S] methionine  pulse-labeling.  To  examine  c-Myc  translation  upon  Lll 
knockdown,  cells  were  prestarved  in  methionine-free  medium  supplemented 
with  dialyzed  10%  FBS  for  30  min  followed  by  pulse-labeling  with  50  p-Ci  of 
[35S]methionine/ml  for  15  min.  Cells  were  lysed,  and  the  cleared  cell  lysates  were 
immunoprecipitated  using  anti-c-Myc  (C33;  Santa  Cruz  Biotechnology)  mono¬ 
clonal  antibody-conjugated  beads.  After  washing,  half  of  the  immunoprecipitate 
was  separated  using  a  sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis 
(SDS-PAGE)  gel.  The  gel  was  incubated  in  Amplify  solution  (Amersham  Bio¬ 
sciences)  for  10  min,  dried,  and  exposed  to  X-ray  film.  The  other  half  was 
subjected  to  IB  using  anti-c-Myc  (Y69)  antibodies.  Radiolabeled  and  total  c-Myc 
were  quantified,  and  the  ratio  of  radiolabeled  to  total  c-Myc  represents  the 


relative  translational  activity  of  c-Myc.  Equal  amounts  of  total  proteins  were  also 
loaded  onto  an  SDS-PAGE  gel  to  examine  total  35S-labeled  cellular  proteins. 

Immunoprecipitation  of  protein-associated  RNAs  (RNA  IP).  Immunoprecipi- 
tation  of  RNA-protein  complexes  was  performed  as  previously  described,  with 
minor  modifications  (37,  60).  Briefly,  cells  were  lysed  in  polysome  lysis  buffer 
(PLB)  (100  mM  KC1, 5  mM  MgCl2, 10  mM  HEPES  [pH  7.0],  0.5%  Nonidet  P-40, 
1  mM  DTT,  100  U  of  RNase  inhibitor/ml)  supplemented  with  20  mM  EDTA  and 
protease  inhibitors  on  ice  for  20  min  followed  by  centrifugation.  The  superna¬ 
tants  were  precleared  with  protein  A-Sepharose  beads.  The  cleared  supernatants 
were  then  diluted  (1:10  [vol/vol])  in  NT2  buffer  (50  mM  Tris  [pH  7.4],  150  mM 
NaCl,  1  mM  MgCl2,  0.05%  Nonidet  P-40, 1  mM  DTT,  100  U  of  RNase  inhibitor/ 
ml)  supplemented  with  20  mM  EDTA  and  protease  inhibitors  and  incubated 
with  primary  antibodies  at  4°C  for  4  h,  followed  by  incubation  of  protein  A/G 
beads  for  an  additional  2  h  at  4°C.  The  beads  were  washed  five  times  with  NT2 
buffer  supplemented  with  protease  inhibitors.  The  bead-bound  protein-RNA 
complexes  were  then  treated  with  DNase  I  and  proteinase  K  and  eluted  twice 
with  NT2  buffer  containing  0.1%  SDS.  RNAs  were  extracted  from  the  elution 
with  phenol-chloroform  and  ethanol  precipitation  and  subjected  to  RT-qPCR 
assays  as  described  below. 

Luciferase  reporter  assays.  Cells  were  transfected  with  pCMV-(3-galactoside 
(P-gal)  and  luciferase  reporter  plasmid  pGL3,  with  pGL3-rayc3'UTR  or  its 
fragments,  together  with  control  or  Flag-Lll  plasmid,  or  with  scrambled  or  Lll 
small  interfering  RNA  (siRNA),  as  indicated  in  the  figures.  Luciferase  activity 
was  determined  and  normalized  by  calculating  (3-gal  activity  in  the  same  assay  as 
described  previously  (12). 

RT-qPCR  analysis.  Total  RNA  was  isolated  from  cells  by  the  use  of  TRIzol 
reagent  (Invitrogen).  Reverse  transcriptions  were  performed  as  described  pre¬ 
viously  (59).  qPCR  was  performed  using  an  ABI  StepOne  real-time  PCR  system 
(Applied  Biosystems)  and  SYBR  green  mix  (Bio-Rad)  for  mRNA  expression 
determinations  as  described  previously  (59).  Analysis  of  expression  of  mature 
miRNAs  was  performed  using  a  TaqMan  miRNA  assay  kit  (Applied  Biosystems) 
following  the  manufacturer’s  protocol.  All  reactions  were  carried  out  in  tripli¬ 
cate.  Relative  gene  expression  levels  were  calculated  using  the  ACt  method 
following  the  manufacturer’s  instructions.  The  primers  for  c -myc  and  GAPDH 
(glyceraldehyde-3-phosphate  dehydrogenase)  were  previously  described  (12). 
The  primers  for  other  genes  were  5'-CATCGTTGACCGCCTGAAGT-3'  and 
5 ' -GGAGCAAGATGGATTCCAATTC-3 '  (for  luciferase);  5-TCAACGCGC 
AGGACTTCTG-3 '  and  5 ' -CAGTGACCGTGGGAATGAAGTT-3 '  (c -fos);  5'- 
GCAAAGATGGAAACGACCTTCT -3 '  and  5 '  -GCTCTCGGACGGGAGGA 
A-3'  (c -jun);  5 ' -GCCTGCGAC ATCTGTGG AA-3 '  and  5 ' -CGCAAGTGGATC 
TTGGTATGC-3 '  (egrl);  5 ' -AGGCCTTGGAACTCAAGGAT-3 '  and  5'-TGA 
GTCAGGCCCTTCTGTCT-3 '  (p53 );  5'-ATGAATCCCCCCCTTCCAT-3'  and 
5 ' -CAGGAAGCCAATTCTCACGAA-3 '  (mdm2);  and  5'-GCCTTGAGGAAG 
GATTGGTA-3'  and  5 ' -TCGACAATCAGGGACATCAT -3 '  {mdmx). 

RNA  interference  (RNAi)  and  miRNA  overexpression.  The  21-nt  siRNA  du¬ 
plexes  with  a  3'  dTdT  overhang  were  synthesized  by  Dharmacon  Inc.  (Lafayette, 
CO).  The  target  sequences  for  Lll  and  control  scramble  II  RNA  were  previously 
described  (12).  Lll  siRNA- 1  was  used  in  all  the  experiments  except  where 
indicated.  The  target  sequence  for  Ago2  was  5'-GCACGGAAGUCCAUCUGAA- 
3'.  The  miR-24  mimics  and  control  cel-miR-67  were  purchased  from  Dharmacon 
Inc.  These  siRNA  duplexes  (100  nM)  and  miRNA  mimics  (25  to  50  nM)  were 
introduced  into  cells  by  the  use  of  SilentFect  lipid  reagent  (Bio-Rad)  following  the 
manufacturer’s  protocol.  The  cells  were  analyzed  48  h  after  transfection. 

Cell  fractionations.  To  isolate  the  cytoplasmic  and  nuclear  fractions,  cells  were 
resuspended  in  hypotonic  buffer  A  (10  mM  HEPES  [pH  7.9],  10  mM  KC1,  1.5 
mM  MgCl2,  0.5  mM  DTT)  in  the  presence  of  protease  inhibitors.  Cell  mem¬ 
branes  were  then  broken  using  a  Dounce  homogenizer  (tight  pestle)  and  10 
up-and-down  strokes.  After  centrifugation,  the  supernatant  was  collected  as  the 
cytoplasmic  fraction  and  supplemented  with  a  0.1  volume  of  10  X  buffer  B  (0.3  M 
Tris-HCl  [pH  7.9],  1.4  M  KC1,  30  mM  MgCl2).  The  nuclear  pellets  were  washed 
with  buffer  A  and  then  resuspended  in  buffer  C  (20  mM  HEPES  [pH  7.9],  420 
mM  NaCl,  0.2  mM  EDTA,  1.5  mM  MgCl2,  0.5  mM  DTT,  25%  glycerol)  in  the 
presence  of  protease  inhibitors  and  sonicated.  The  nuclear  fraction  (superna¬ 
tant)  was  collected  by  centrifugation. 

For  isolation  of  the  nucleolus  fraction,  the  nuclear  pellets  were  resuspended  in 
buffer  SI  containing  0.25  M  sucrose  and  10  mM  MgCl2,  layered  over  buffer  S2 
containing  0.35  M  sucrose  and  0.5  mM  MgCl2,  and  centrifuged  at  1,430  X  g  for 
10  min  at  4°C.  The  pelleted  nuclei  were  resuspended  in  buffer  S2  followed  by 
sonication.  The  sonicated  nuclei  were  then  layered  over  buffer  S3  containing  0.88 
M  sucrose  and  0.5  mM  MgCl2  and  centrifuged  at  3,000  X  g  for  10  min  at  4°C.  The 
pellet  contained  purified  nucleoli,  and  the  supernatant  represented  the  nucleo¬ 
plasm  (2,  4). 
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FIG.  1.  Lll  regulates  c -myc  mRNA  levels  and  stability.  (A)  Knockdown  of  Lll  increases  the  levels  of  c-myc  mRNA  and  c-Myc  protein.  U20S 
cells  were  transfected  with  scrambled  (Scr)  siRNA  or  one  of  two  Lll  siRNAs  (Lllsi-1  or  Lllsi-2).  The  cells  were  assayed  for  expression  of  c-myc 
mRNA  by  the  use  of  RT-qPCR  and  of  c-Myc  protein  by  the  use  of  IB  assays.  (B)  Knockdown  of  Lll  stabilizes  c -myc  mRNA.  U20S  cells 
transfected  with  scrambled  or  Lll  siRNA  were  treated  with  2  p,M  Act  D.  The  cells  were  harvested  at  the  indicated  time  points  and  assayed  for 
relative  levels  of  c-myc  mRNA  normalized  to  the  expression  of  GAPDH  mRNA  by  the  use  of  RT-qPCR  assays.  The  average  c-myc  mRNA  half-life 
value  is  shown.  *,  P  <  0.01  compared  to  tV2  of  c-myc  mRNA  in  scrambled-RNA  transfected  cells.  (C)  Knockdown  of  Lll  does  not  affect  c-myc 
mRNA  translation.  U20S  cells  transfected  with  scrambled  or  Lll  siRNA  were  pulse-labeled  with  [35S]methionine.  Equal  amounts  of  cell  lysates  were 
immunoprecipitated  with  anti-c-Myc  (C33)  antibody-conjugated  beads  followed  by  autography  (top  right  panel)  and  IB  with  anti-c-Myc  antibody  (Y69) 
(middle  right  panel).  The  total  lysates  were  also  loaded  on  an  SDS-PAGE  gel  followed  by  autography  (left  panel).  The  relative  translation  efficiency  of 
c-myc  mRNA  was  calculated  based  on  the  ratio  of  radiolabeled  to  total  immunoprecipitated  c-Myc  protein  and  is  plotted  in  the  bottom  right  panel. 
(D)  Overexpression  of  Lll  reduces  the  levels  of  c-myc  mRNA  and  c-Myc  protein.  U20S  cells  transfected  with  control  or  Flag-Lll  vector  were  assayed 
for  expression  of  c-myc  mRNA  by  the  use  of  RT-qPCR  and  of  protein  by  the  use  of  IB  assays.  (E  and  F)  Knockdown  of  Lll  increases  the  levels  of  c-myc 
mRNA  and  c-Myc  protein  in  293  and  WI38  cells.  293  (E)  and  WI38  (F)  cells  were  transfected  with  scrambled  or  LI  1  siRNA.  The  cells  were  assayed  for 
expression  of  c-myc  mRNA  by  the  use  of  RT-qPCR  and  of  c-Myc  protein  by  the  use  of  IB  assays. 


Ribosome  fractionation.  For  separation  of  ribosome-free  Lll  from  the  total 
ribosome  volume,  cells  were  lysed  in  polysome  lysis  buffer.  The  extracts  were 
overlaid  on  a  20%  (wt/vol)  sucrose  cushion  and  centrifuged  at  150,000  X  g  for 
2  h.  The  polysome-containing  pellet  and  the  nonribosomal  supernatant  were 
collected  separately  (42)  and  immunoblotted  with  anti-Ll  1  antibody.  The  non¬ 
ribosomal  supernatant  was  also  used  for  RNA  IP  assays. 

RESULTS 

Lll  regulates  the  levels  and  stability  of  c-myc  mRNA.  We 

previously  showed  that  Lll  directly  suppresses  c-Myc  transac¬ 
tivation  activity  (12).  Interestingly,  Lll  also  regulates  c-Myc 
levels.  Knockdown  of  Lll  drastically  increased  the  levels  of 
c-Myc  protein  (12)  (bottom  panels  of  Fig.  1A)  and  c-myc 
mRNA  (15)  in  U20S  cells.  RT-qPCR  assays  revealed  that  the 
levels  of  c-myc  mRNA  were  markedly  increased  upon  knock¬ 


down  of  Lll  (top  panel  of  Fig.  1A).  This  effect  was  unlikely  to 
have  been  an  off-target  effect,  as  similar  results  were  observed 
when  two  different  siRNAs  against  Lll  were  used.  To  examine 
how  c-myc  mRNA  was  induced  by  knockdown  of  Lll,  we 
determined  the  half-life  (f1/2)  of  c-myc  mRNA.  As  shown  in 
Fig.  IB,  knockdown  of  Lll  significantly  prolonged  the  half-life 
of  c-myc  mRNA,  suggesting  that  knockdown  of  Lll  stabilizes 
c-myc  mRNA.  To  examine  whether  knockdown  of  Lll  affects 
c-Myc  translation,  we  performed  [35S]methionine  pulse-label¬ 
ing  assays.  Consistent  with  a  previous  report  (4),  transient 
knockdown  of  Lll  did  not  significantly  affect  global  translation 
(left  panel  of  Fig.  1C).  It  also  appears  that  knockdown  of  Lll 
did  not  affect  c-Myc  translation,  as  levels  of  nascent  synthe¬ 
sized  c-Myc  were  increased  proportionally  to  total  cellular 
c-Myc  levels  (right  panels  of  Fig.  1C).  Therefore,  we  conclude 
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that  transient  knockdown  of  Lll  increases  c-Myc  levels  by 
stabilizing  c -myc  mRNA  without  affecting  c-Myc  translation. 
Consistently,  overexpression  of  Lll  reduced  the  levels  of  c -myc 
mRNA  and  protein  (Fig.  ID)  in  U20S  cells.  Similarly,  knock¬ 
down  of  Lll  also  increased  the  levels  of  c -myc  mRNA  and 
protein  in  293  cells  (Fig.  IE),  human  normal  fibroblast  WI38 
cells  (Fig.  IF),  and  H1299  cells  (data  not  shown),  suggesting 
that  the  regulation  of  c -myc  mRNA  by  Lll  was  not  specific  to 
cell  type.  Taken  together,  these  results  demonstrate  that  Lll 
regulates  c -myc  mRNA  turnover. 

Lll  binds  to  c-myc  at  its  3'-UTR.  To  understand  how  Lll 
regulates  c-myc  mRNA  stability,  we  examined  whether  Lll 
physically  associates  with  c-myc  mRNA  by  the  use  of  RNA 
immunoprecipitation  (IP)  assays.  Lysates  from  293  or  U20S 
cells  transfected  with  Flag-Lll  were  immunoprecipitated  with 
control  IgG  or  anti-Flag  antibody,  followed  by  detection  of 
c-myc  mRNA  by  the  use  of  RT-qPCR  assays.  As  shown  in  Fig. 
2A,  c-myc  mRNA  was  specifically  detected  in  anti-Flag  but  not 
control  IgG  immunoprecipitates  from  both  cell  lines,  suggest¬ 
ing  that  Lll  binds  to  c-myc  mRNA  in  cells. 

c-myc  mRNA  turnover  is  fast  and  highly  regulated  in  cells, 
with  a  normal  half-life  of  about  15  to  30  min  (19)  (Fig.  IB). 
The  c-myc  3'-UTR  contains  several  AU-rich  elements  (AREs) 
and  plays  an  important  role  in  the  regulation  of  c-myc  mRNA 
turnover  (30).  Several  ARE  binding  proteins,  including  AUF1 
(67),  HuR  (32),  and  tristetraprolin  (TTP)  (39),  have  been 
found  to  bind  to  c-myc  AREs  and  regulate  c-myc  mRNA  sta¬ 
bility.  To  test  whether  Lll  binds  to  c-myc  mRNA  through  its 
3'TJTR,  we  generated  a  luciferase  reporter  that  contained  a 
c-myc  3'-UTR  in  the  3'  portion  of  the  luciferase  gene  (pGL3- 
myc3'UTR;  Fig.  2E).  U20S  cells  were  transfected  with  Flag- 
Lll  together  with  pGL3-myc3'UTR  or  control  pGL-3  vector. 
The  cell  lysates  were  immunoprecipitated  with  anti-Flag  anti¬ 
body  or  control  IgG  followed  by  RT-qPCR  detection  of  the 
luciferase  gene.  As  shown  in  Fig.  2B,  luciferase  mRNA  was 
specifically  coimmunoprecipitated  with  Flag-Lll  in  cells  trans¬ 
fected  with  c-myc  3'-UTR-containing  but  not  control  luciferase 
plasmid.  Similar  results  were  also  observed  in  293  cells  (Fig. 
2F;  see  also  Fig.  8).  These  results  demonstrate  that  Lll  binds 
to  the  c-myc  3'-UTR  in  cells. 

Lll  regulates  c-myc  mRNA  levels  through  the  c-myc  3'-UTR. 

Next,  we  examined  whether  Lll  regulates  c-myc  mRNA  levels 
through  the  c-myc  3'-UTR.  293  cells  were  transfected  with 
pGL3  or  p G L3 -myc 3 ' IJ T R  together  with  control  or  Flag-Lll 
plasmid.  The  cells  were  assayed  for  relative  luciferase  activity 
levels  as  well  as  expression  of  luciferase  mRNA  by  RT-qPCR. 
As  shown  in  Fig.  2C,  overexpression  of  Lll  specifically  sup¬ 
pressed  the  luciferase  activity  (top  panel)  and  reduced  lucifer¬ 
ase  mRNA  levels  (middle  panel)  in  pGL3-myc3'UTR  but  not 
control  pGL3  transfected  cells.  Similar  results  were  also  ob¬ 
served  in  H1299  cells  (data  not  shown).  Conversely,  knock¬ 
down  of  endogenous  LI  1  significantly  increased  the  luciferase 
activity  and  the  luciferase  mRNA  levels  in  pGL3-myc3'UTR 
(compare  lane  4  to  lane  3)  but  not  control  pGL3  (compare 
lane  2  to  lane  1)  transfected  U20S  cells  (Fig.  2D).  Together, 
these  results  suggest  that  Lll  regulates  c-myc  mRNA  levels  by 
acting  on  the  c-myc  3'TJTR. 

To  demonstrate  the  specificity  of  Lll  regulation  of  c-myc 
mRNA  through  the  c-myc  3'TJTR.  we  constructed  a  panel  of 
luciferase  reporter  plasmids  containing  overlapping  fragments 


of  the  c-myc  3'TJTR  (Fig.  2E)  and  mapped  the  Lll-binding 
site  at  the  c-myc  3'-UTR.  293  cells  were  transfected  with  Flag- 
Lll  together  with  control  pGL-3  and  pG  L3-myc3  '  UTR  or  its 
deletion  fragments  followed  by  RNA  IP  using  control  IgG  or 
anti-Flag  antibodies.  As  shown  in  Fig.  2F,  Flag-Lll  was  asso¬ 
ciated  specifically  with  the  luciferase  mRNA  containing  the 
full-length  (FL)  c-myc  3' -UTR  and  the  fragment  consisting  of 
nt  309  to  470  (F4)  but  not  other  fragments  encompassing  nt  1 
to  360.  Furthermore,  overexpression  of  Lll  significantly  sup¬ 
pressed  the  luciferase  activity  in  cells  transfected  with  pGL3- 
myc3'UTR-F4  but  not  those  transfected  with  other  c-myc  3'- 
UTR  fragments  containing  luciferase  reporter  plasmids  (FI, 
F2,  and  F3)  (Fig.  2G).  These  results  suggest  that  Lll  regulates 
c-myc  mRNA  through  nt  361  to  470  of  the  c-myc  3'-UTR. 

Lll-mediated  c-myc  mRNA  reduction  requires  Ago2. 
miRNAs  have  emerged  as  key  regulators  of  gene  expression  by 
suppressing  translation  and/or  inducing  mRNA  decay  of  target 
genes  through  the  3'-UTR  (47,  61).  Therefore,  we  asked  whether 
Lll  regulates  c-myc  mRNA  turnover  through  a  miRNA-medi- 
ated  pathway.  As  Ago2  is  a  core  component  of  miRISC  (47, 
61)  and,  consistent  with  a  previous  report  (32),  knockdown  of 
endogenous  Ago2  significantly  increased  the  levels  of  c-Myc 
protein  and  mRNA  (Fig.  3A),  we  tested  whether  Ago2  is 
involved  in  Lll-mediated  c-myc  mRNA  reduction.  We  first 
asked  whether  Lll  could  facilitate  the  recruitment  of  Ago2  to 
the  c-myc  mRNA.  To  this  end,  we  performed  RNA  IP  followed 
by  RT-qPCR  assays  and  found  that  overexpression  of  Lll 
increased  the  binding  of  Ago2  to  the  c-myc  mRNA  (Fig.  3B), 
whereas  knockdown  of  Lll  significantly  reduced  the  Ago2 
binding  to  the  c-myc  mRNA  (Fig.  3C),  suggesting  that  Lll 
facilitates  the  recruitment  of  Ago2  to  the  c-myc  mRNA.  Fur¬ 
thermore,  knockdown  of  Ago2  extensively  rescued  the  Lll- 
mediated  reduction  of  c-Myc  protein  (compare  the  ratio  of 
lane  4  to  lane  3  with  the  ratio  of  lane  2  to  lane  1  in  Fig.  3D)  and 
c-myc  mRNA  (Fig.  3E)  in  U20S  cells.  Together,  these  results 
suggest  that  Lll  decreases  c-myc  mRNA  levels  by  recruiting 
Ago2  to  the  c-myc  mRNA. 

Lll  associates  with  Ago2.  Given  that  Lll  regulates  Ago2 
targeting  of  c-myc  mRNA  (Fig.  3B  and  C),  we  tested  whether 
Lll  physically  associates  with  Ago2.  293  cells  were  transfected 
with  control  or  Flag-Lll  followed  by  co-IP  assays  using  anti- 
Flag  antibodies.  As  shown  in  Fig.  3F,  endogenous  Ago2  was 
specifically  coimmunoprecipitated  with  Flag-Lll  in  293  cells. 
Similar  results  were  also  observed  in  U20S  cells  (Fig.  3G)  and 
FI1299  cells  (data  not  shown).  Also,  endogenous  Ago2  and 
endogenous  Lll  were  specifically  coimmunoprecipitated  with 
each  other  using  either  anti-Ago2  or  anti-Lll  antibodies,  but 
not  control  IgG,  in  293  cells  (Fig.  3H)  and  U20S  cells  (Fig.  31 
and  data  not  shown).  RNase  treatment  abolished  the  interac¬ 
tion  between  Lll  and  Ago2  (Fig.  31).  These  results  suggest 
that  the  interaction  between  Lll  and  Ago2  in  cells  is  depen¬ 
dent  on  the  presence  of  cellular  RNA. 

Lll  recruits  miR-24  to  target  c-myc  mRNA.  We  then  asked 
whether  Lll  regulates  c-myc  mRNA  through  the  activity  of 
miRNAs.  At  least  four  miRNAs,  including  Let-7  (32),  miR-145 
(55),  miR-24  (34),  and  miR-34c  (7),  have  been  previously 
shown  to  downregulate  c-Myc  by  either  repressing  c-Myc 
translation  (let-7  and  miR-34c)  or  reducing  c-myc  mRNA  lev¬ 
els  (miR-24  and  miR-145).  Thus,  we  examined  whether  Lll 
associates  with  these  miRNAs  in  cells.  Lysates  from  293  or 
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FIG.  2.  Lll  regulates  c -myc  by  targeting  the  3'-UTR  of  c -myc  mRNA.  (A)  Lll  binds  to  c -myc  mRNA.  Lysates  from  293  (left  panel)  and  U20S 
(right  panel)  cells  transfected  with  Flag-LII  were  immunoprecipitated  with  control  mouse  IgG  or  anti-Flag  antibody.  RNA  extracted  from  the 
immunoprecipitates  was  retrotranscribed  and  assayed  for  expression  of  c -myc  mRNA  by  the  use  of  RT-qPCR  assays.  (B)  Lll  binds  to  the  c -myc 
3'-UTR.  U20S  cells  transfected  with  Flag-LII  together  with  control  pGL3  or  pGL3-myc3'UTR  vector  were  immunoprecipitated  with  anti-Flag 
or  mouse  IgG.  The  immunoprecipitates  were  assayed  for  expression  of  the  luciferase  mRNA  by  RT-qPCR  assays.  (C)  Lll  reduction  of  luciferase 
mRNA  levels  and  suppression  of  luciferase  activity  are  dependent  on  the  c -myc  3'-UTR.  293  cells  transfected  with  the  indicated  plasmids  together 
with  (3-gal  plasmid  were  assayed  for  relative  luciferase  activity  levels  normalized  to  (3-gal  expression  (top  panel)  and  relative  luciferase  mRNA  levels 
normalized  to  GAPDH  mRNA  by  the  use  of  RT-qPCR  assays  (middle  panel).  The  protein  expression  results  are  shown  in  the  bottom  panels. 
(D)  Knockdown  of  Lll  increases  the  levels  of  luciferase  mRNA  and  luciferase  activity  in  a  manner  dependent  on  the  c -myc  3'-UTR.  U20S  cells 
transfected  with  (3-gal  and  pGL3  or  pGL3-ntyc3'UTR  plasmids  and  siRNAs  were  assayed  for  relative  luciferase  activity  levels  normalized  to  (3-gal 
expression  (top  panel)  and  relative  luciferase  mRNA  levels  normalized  to  GAPDH  mRNA  by  the  use  of  RT-qPCR  assays  (middle  panel).  The 
protein  expression  results  are  shown  in  the  bottom  panels.  (E)  Diagram  of  the  control  pGL3,  pGL3-myc3'UTR,  and  pGL3-myc3'UTR  fragment 
(FI,  F2,  F3,  and  F4)  vectors.  The  relative  positions  of  the  full-length  (FL)  c -myc  3'UTR  and  its  fragments  (FI  through  F4)  are  indicated,  with  the 
first  nucleotide  after  the  stop  codon  labeled  “1.”  The  position  of  the  PCR  product  used  to  examine  expression  of  the  luciferase  mRNA  is  indicated 
in  the  coding  region  of  the  luciferase  gene. pA  indicates  a  poly(A)  tail.  (F)  Lll  binds  to  the  3'  end  of  the  c -myc  3'-UTR.  293  cells  transfected  with 
Flag-LII  together  with  control  pGL3  or  pGL3-myc3'UTR  or  its  fragments  were  immunoprecipitated  with  anti-Flag  or  mouse  IgG.  The 
immunoprecipitates  were  assayed  for  expression  of  luciferase  mRNA  by  RT-qPCR  assays.  (G)  Lll  suppression  of  luciferase  activity  is  dependent 
on  the  3'  end  of  the  c -myc  3'-UTR.  293  cells  transfected  with  the  indicated  plasmids  together  with  a  (3-gal  plasmid  were  assayed  for  relative 
luciferase  activity  levels  normalized  to  (3-gal  expression.  The  protein  expression  results  are  shown  in  the  bottom  panels. 


U20S  cells  transfected  with  Flag-LII  were  immunoprecipi¬ 
tated  with  anti-Flag  antibodies  or  control  IgG  followed  by 
RT-qPCR  detection  of  the  miRNAs  described  above.  U6 
snRNA  was  used  as  a  control.  As  shown  in  Fig.  4A,  miR-24, 
but  not  let-7b,  miR-34c,  and  U6  snRNA,  was  significantly  en¬ 
riched  in  the  Flag-LII  immunoprecipitates  compared  to  con¬ 
trol  IgG  in  293  cells.  Similar  results  were  also  observed  in 
U20S  cells  except  that  miR-34c  was  undetectable  in  the  im¬ 
munoprecipitates  (Fig.  4B).  We  were  unable  to  detect  miR-145 


in  the  immunoprecipitates  from  both  293  and  U20S  cells  (data 
not  shown).  These  results  clearly  indicate  that  Lll  specifically 
associates  with  miR-24  but  not  with  other  known  c -myc  target¬ 
ing  miRNAs. 

Next,  we  examined  the  role  of  miR-24  in  Lll-mediated  c- 
myc  mRNA  decay.  Consistent  with  a  previous  report  (34), 
overexpression  of  miR-24  significantly  reduced  the  levels  of 
c-Myc  protein  and  mRNA  in  a  dose-dependent  manner  (Fig. 
4C).  We  then  transfected  U20S  cells  with  different  combina- 
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FIG.  3.  Mutual  dependency  of  Lll  and  ago2  in  regulating  c -myc  mRNA.  (A)  Ago2  regulates  c -myc  mRNA  levels.  U20S  cells  transfected  with 
scrambled  or  Ago2  siRNA  were  assayed  for  expression  of  c-Myc  protein  (bottom  panels)  and  mRNA  (top  panel).  (B)  Overexpression  of  Lll 
increases  association  of  Ago2  with  c -myc  mRNA.  U20S  cells  were  transfected  with  control  or  Flag-LII  plasmid.  The  cell  lysates  were  immuno- 
precipitated  with  anti-Ago2  antibodies  followed  by  an  RT-qPCR  assay  to  determine  the  levels  of  c-myc  mRNA.  The  protein  expression  results  are 
shown  in  the  bottom  panels.  (C)  Knockdown  of  Lll  reduces  the  association  of  Ago2  with  c -myc  mRNA.  Lysates  from  U20S  cells  transfected  with 
scrambled  or  Lll  siRNA  were  immunoprecipitated  with  anti-Ago2  antibodies  followed  by  an  RT-qPCR  assay  to  determine  the  levels  of  c-myc 
mRNA.  The  protein  expression  results  are  shown  in  the  bottom  panels.  (D  and  E)  Lll  suppression  of  c-myc  mRNA  requires  Ago2.  U20S  cells 
transfected  with  control  or  Flag-LII  plasmid  together  with  scrambled  or  Ago2  siRNA  were  assayed  for  c-Myc  protein  expression  by  immuno- 
blotting  (IB)  (D)  and  for  mRNA  expression  by  RT-qPCR  assays  (E).  The  c-Myc  bands  were  quantified  and  normalized  to  tubulin.  The  ratios  of 
lane  2  to  lane  1  and  of  lane  4  to  lane  3  for  the  results  from  three  independent  experiments  are  indicated  in  panel  D.  (F  and  G)  Ectopically  expressed 
Lll  interacts  with  Ago2.  293  (F)  or  U20S  (G)  cells  transfected  with  control  or  Flag-LII  plasmid  were  subjected  to  IP  with  anti-Flag  antibody 
followed  by  IB  using  anti-Ago2  antibodies.  (H)  Endogenous  Lll  interacts  with  endogenous  Ago2.  293  cell  lysates  were  immunoprecipitated  with 
control  mouse  IgG  or  anti-Ago2  (left  panels)  or  rabbit  IgG  or  anti-Lll  (right  panels)  antibody  followed  by  IB  detection  performed  using  anti-Lll 
or  anti-Ago2  antibodies.  (I)  Interaction  of  Lll  with  Ago2  requires  RNA.  U20S  cell  lysates  were  immunoprecipitated  with  control  mouse  IgG  or 
anti-Ago2  antibodies  in  the  absence  (lanes  2  and  4)  or  presence  (lanes  3  and  5)  of  RNase  followed  by  IB  detection  performed  using  anti-Lll  or 
anti-Ago2  antibodies. 
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FIG.  4.  Lll  recruits  miR-24  to  target  c -myc  mRNA.  (A  and  B)  Lll  binds  to  miR-24  in  cells.  Lysates  from  293  (A)  or  U20S  (B)  cells  transfected 
with  Flag-Lll  plasmid  were  immunoprecipitated  with  anti-Flag  antibody  or  control  IgG  followed  by  detection  of  the  indicated  miRNAs  by  the  use  of 
RT-qPCR  assays.  (C)  Overexpression  of  miR-24  decreases  c-Myc  levels.  U20S  cells  transfected  with  a  control  or  with  different  doses  of  miR-24  mimics 
were  assayed  for  the  relative  levels  of  expression  of  miR-24  normalized  with  U6  snRNA  (top  panel)  and  of  c -myc  mRNA  normalized  with  GAPDH 
mRNA  (middle  panel)  by  the  use  of  RT-qPCR  assays  as  well  as  c-Myc  protein  (bottom  panel)  by  the  use  of  IB.  (D  and  E)  Knockdown  of  LI  1  attenuates 
c -myc  downregulation  by  miR-24.  U20S  cells  transfected  with  scrambled  or  Lll  siRNA  together  with  control  or  miR-24  mimics  were  assayed  for  c-Myc 
protein  levels  by  IB  (D)  and  c-myc  mRNA  levels  by  the  use  of  RT-qPCR  (E).  The  c-Myc  bands  were  quantified  and  normalized  to  tubulin.  The  ratios 
of  lane  2  to  lane  1  and  of  lane  4  to  lane  3  for  the  results  from  three  independent  experiments  are  indicated  in  panel  D.  (F)  Knockdown  of  LI  1  attenuates 
the  miR-24-mediated  suppression  of  luciferase  activity.  U20S  cells  were  transfected  with  pGL3-myc3'UTR  and  (3-gal  expression  plasmids  together  with 
siRNA  and/or  miRNAs  as  indicated.  The  cells  were  assayed  for  relative  luciferase  activity  levels  normalized  to  (3-gal  expression. 


tions  of  scrambled  or  Lll  siRNA  and  control  (cel-miR-67)  or 
miR-24  mimics.  The  cells  were  analyzed  for  expression  of  c- 
Myc  protein  and  mRNA.  Interestingly,  knockdown  of  Lll 
drastically  rescued  the  miR-24-mediated  reduction  of  c-Myc 
protein  levels  (compare  the  ratio  of  lane  4  to  lane  3  with  the 


ratio  of  lane  2  to  lane  1;  Fig.  4D)  and  c-myc  mRNA  levels  (Fig. 
4E).  Similarly,  knockdown  of  Lll  significantly  abolished  the 
miR-24-mediated  reduction  of  relative  luciferase  activity  in 
cells  transfected  with  pGL3-myc3'UTR  reporter  plasmid  (Fig. 
4F).  These  results  suggest  that  Lll  plays  a  critical  role  in 
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FIG.  5.  Lll  downregulates  c -myc  mRNA  in  response  to  ribosomal  stress.  (A  and  B)  c-Myc  is  downregulated  by  treatment  with  Act  D  or  5-FU. 
U20S  cells  were  treated  with  DMSO,  Act  D  (5  nM),  or  5-FU  (10  p-g/rnl)  for  the  indicated  hours.  The  cells  were  assayed  for  c-Myc  protein 
expression  by  IB  (A)  and  c-myc  mRNA  expression  by  RT-qPCR  (B)  assays.  (C  and  D)  Knockdown  of  Lll  rescues  the  downregulation  of  c-Myc 
by  treatment  with  Act  D  or  5-FU.  U20S  cells  transfected  with  scrambled  or  Lll  siRNA  were  treated  with  DMSO,  Act  D  (5  nM),  or  5-FU  (10 
p.g/ml)  for  12  h.  The  cells  were  assayed  for  c-Myc  protein  expression  by  IB  (C)  and  c-myc  mRNA  expression  by  RT-qPCR  (D)  assays.  (E  and  F) 
Knockdown  of  Ago2  rescues  the  downregulation  of  c-Myc  by  treatment  with  Act  D  or  5-FU.  U20S  cells  transfected  with  scrambled  or  Ago2  siRNA 
were  treated  with  DMSO,  Act  D  (5  nM),  or  5-FU  (10  p,g/ml)  for  12  h.  The  cells  were  assayed  for  c-Myc  protein  expression  by  IB  (E)  and  c-myc 
mRNA  expression  by  RT-qPCR  (F)  assays. 


miR-24-mediated  downregulation  of  c-myc  mRNA,  supporting 
the  notion  that  LI  1  regulates  c-myc  mRNA  by  recruiting  miR- 
24-loaded  miRISC  to  the  c-myc  3'-UTR. 

c-myc  mRNA  is  reduced  in  response  to  ribosomal  stress.  To 
examine  the  physiological  relevance  of  the  Lll  regulation  of 
c-myc  mRNA  turnover,  we  asked  whether  Lll  is  involved  in 
c-myc  regulation  in  cells  in  response  to  ribosomal  stress,  as  Lll 
plays  a  key  role  in  p53-mediated  cell  cycle  control  in  response 
to  such  stress  (4,  36,  57-59,  69).  Ribosomal  stress  is  triggered 
following  perturbation  of  ribosomal  biogenesis,  including  inhi¬ 
bition  of  rRNA  synthesis  by  treatment  with  a  low  dose  of  Act 


D  (5  nM)  (4,  14,  18)  and  inhibition  of  rRNA  processing  by 
treatment  with  5-FU  (57).  c-Myc  has  recently  been  shown  to  be 
downregulated  in  response  to  DNA  damage  (7,  48).  To  test 
whether  c-Myc  levels  are  also  downregulated  by  ribosomal 
stress,  we  treated  U20S  cells  with  a  low  dose  of  either  Act  D 
or  5-FU  followed  by  the  detection  of  c-Myc  expression.  As 
shown  in  Fig.  5A,  treatment  of  cells  with  either  Act  D  or  5-FU 
significantly  reduced  the  c-Myc  protein  levels  in  a  time-depen- 
dent  manner.  This  reduction  correlates  with  the  reduction  of 
c-myc  mRNA  levels  (Fig.  5B),  suggesting  that  ribosomal  stress 
induces  c-myc  mRNA  degradation. 
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Lll  and  Ago2  are  required  for  c -myc  mRNA  downregulation 
in  response  to  ribosomal  stress.  Next,  we  asked  whether  Lll  is 
involved  in  c-Myc  downregulation  in  response  to  ribosomal 
stress.  U20S  cells  were  transfected  with  scrambled  or  Lll 
siRNA  followed  by  treatment  with  control  dimethyl  sulfoxide 
(DMSO),  Act  D,  or  5-FU.  As  shown  in  Fig.  5C,  knockdown  of 
Lll  completely  abolished  the  c-Myc  protein  reduction  caused 
by  the  Act  D  or  5-FU  treatment.  Again,  this  occurred  at  the 
mRNA  level,  as  knockdown  of  Lll  rescued  the  reduction  of 
c -myc  mRNA  levels  caused  by  Act  D  or  5-FU  treatment  (Fig. 
5D).  To  evaluate  the  involvement  of  miRNA-mediated  silenc¬ 
ing  in  the  downregulation  of  c -myc  mRNA  by  ribosomal  stress, 
we  performed  Ago2  knockdown  experiments.  Indeed,  knock¬ 
down  of  Ago2  significantly  rescued  the  downregulation  of  c- 
Myc  protein  (Fig.  5E)  and  mRNA  (Fig.  5F)  levels  caused  by 
treatment  with  Act  D  or  5-FU.  Thus,  Lll  and  Ago2  are  re¬ 
quired  for  c -myc  mRNA  downregulation  by  ribosomal  stress. 

Lll  recruits  miR-24-Ioaded  miRISC  to  c -myc  mRNA  in  re¬ 
sponse  to  ribosomal  stress.  As  Lll  has  been  previously  shown 
to  dissociate  from  intact  ribosomes  into  the  ribosome-free  pool 
(free  Lll)  in  response  to  ribosomal  stress  (4,  57),  we  reasoned 
that  free  Lll  might  be  able  to  associate  with  c -myc  mRNA. 
Thus,  U20S  cells  treated  with  Act  D,  5-FU,  or  DMSO  were 
subjected  to  RNA  IP  using  anti-Lll  antibodies,  followed  by 
RT-qPCR  assays.  As  shown  in  Fig.  6A,  Lll  binding  to  c -myc 
mRNA  significantly  increased  in  cells  treated  with  Act  D  or 
5-FU  compared  to  the  control  results,  indicating  that  ribo¬ 
somal  stress  enhances  Lll  targeting  of  c -myc  mRNA. 

Next,  we  examined  whether  Lll  recruits  miRISC  to  c -myc 
mRNA  in  response  to  ribosomal  stress.  The  cell  lysates  from 
U20S  cells  treated  with  DMSO,  Act  D,  or  5-FU  were  immu- 
noprecipitated  with  anti-Ago2  antibodies  or  control  IgG.  As 
shown  in  Fig.  6B,  treatment  of  cells  with  Act  D  or  5-FU 
markedly  increased  the  association  of  Ago2  with  c -myc  mRNA. 
This  increase  requires  Lll,  as  knockdown  of  Lll  significantly 
reduced  the  binding  of  Ago2  with  c -myc  mRNA  in  cells  treated 
with  Act  D  or  5-FU  (Fig.  6C).  To  confirm  that  Lll  interacts 
with  Ago2  under  conditions  of  ribosomal  stress,  we  performed 
co-IP  assays  using  anti-Ago2  antibodies.  As  shown  in  Fig.  6D, 
treatment  of  cells  with  Act  D  or  5-FU  significantly  increased 
the  binding  of  Lll  to  Ago2.  These  data  demonstrate  that  Lll 
recruits  Ago2  to  c -myc  mRNA  in  response  to  ribosomal  stress. 
Lastly,  we  examined  whether  Lll  recruits  miR-24  in  response 
to  ribosomal  stress.  As  shown  in  Fig.  6E,  treatment  of  cells  with 
either  Act  D  or  5-FU  drastically  increased  the  binding  of  Lll 
to  miR-24  but  not  U6  snRNA.  In  contrast,  the  total  level  of 
miR-24  was  not  changed  following  both  treatments  (Fig.  6F). 
Together,  these  data  strongly  suggest  that  Lll  mediates  c -myc 
mRNA  decay  by  recruiting  miR-24-loaded  miRISC  to  c -myc 
mRNA  in  response  to  ribosomal  stress. 

Lll  associates  with  c -myc  mRNA  in  the  cytoplasm.  To  test 
where  Lll  associates  with  c -myc  mRNA  in  cells,  we  performed 
cell  fractionation  assays.  First,  293  cells  transfected  with  pGL3- 
myc3' UTR  together  with  control  Flag  or  Flag-Lll  vector  were 
then  fractionated  into  cytoplasmic  and  nuclear  fractions  (right 
panel  of  Fig.  7A).  RNA  IP  was  conducted  using  the  cytoplas¬ 
mic  and  nuclear  lysates  with  control  IgG  or  anti-Flag  antibod¬ 
ies  followed  by  detection  of  luciferase  and  c -myc  mRNAs.  As 
shown  in  Fig.  7A,  Lll  specifically  associates  with  exogenous 
luciferase  mRNA  (left  panel)  and  endogenous  c -myc  mRNA 


(middle  panel)  in  the  cytoplasm  but  not  in  the  nucleus.  Next, 
U20S  cells  treated  with  DMSO  or  Act  D  were  fractionated 
into  cytoplasmic  and  nuclear  lysates  (right  panel  of  Fig.  7B) 
followed  by  RNA  IP  using  anti-Lll  or  control  IgG.  Again,  Act 
D  treatment  significantly  increased  the  association  of  endoge¬ 
nous  Lll  with  c -myc  mRNA  in  the  cytoplasm  (left  panel,  Fig. 
7B).  Thus,  these  results  indicate  that  Lll  associates  with  c -myc 
mRNA  in  the  cytoplasm  and  that  this  association  is  markedly 
increased  following  ribosomal  stress. 

Ribosome-free  Lll  associates  with  c -myc  mRNA.  It  has  been 
proposed  that  Lll  is  released  from  the  nucleolus  and  intact 
ribosomes  to  suppress  MDM2  in  the  nucleoplasm,  leading  to 
p53  activation,  in  response  to  ribosomal  stress  (68).  To  further 
observe  the  Lll  localization  following  ribosomal  stress,  we 
fractionated  U20S  cells  treated  with  control  DMSO  or  Act  D 
into  cytoplasmic,  nuclear,  and  nucleolar  fractions.  As  shown  in 
Fig.  7C,  the  levels  of  Lll  in  the  nucleolus  were  reduced 
whereas  its  levels  in  both  the  nucleus  and  the  cytoplasm  in¬ 
creased  in  response  to  Act  D  treatment.  To  test  whether  it  is 
the  ribosome-free  Lll  that  interacts  with  c -myc  mRNA  in  the 
cytoplasm,  we  performed  ribosome  fractionation  assays  using 
sucrose  centrifugation  to  isolate  free  RPs  (nonribosomal  su¬ 
pernatant)  from  ribosomes  and  polysomes  (42).  Nonribosomal 
supernatant  isolated  from  293  cells  transfected  with  control  or 
Flag-Lll  plasmid  was  immunoprecipitated  with  control  IgG  or 
anti-Flag  antibodies,  followed  by  detection  of  c -myc  mRNA. 
As  shown  in  Fig.  7D,  ribosome-free  Flag-Lll  specifically  as¬ 
sociated  with  c -myc  mRNA  in  cells.  Similar  experiments  were 
also  conducted  in  U20S  cells  treated  with  DMSO  or  Act  D.  As 
shown  in  Fig.  7E,  Act  D  treatment  significantly  increased  the 
association  of  free  endogenous  Lll  with  c -myc  mRNA  in  cells 
(left  panel).  Of  note,  the  level  of  free  Lll  was  increased  whereas 
that  of  Lll  in  the  polysome  pellet  was  decreased  by  Act  D  treat¬ 
ment  (right  panels  of  Fig.  7E).  Taken  together,  these  results 
suggest  that  ribosome-free  Lll  interacts  with  c -myc  mRNA  in 
cells. 

Our  RNA  IP  assays  were  performed  in  the  presence  of 
EDTA,  which  disrupts  the  80S  ribosomes  and  polysomes  (51), 
suggesting  that  Lll  binding  to  c -myc  mRNA  is  independent  of 
the  translating  c -myc  mRNA.  This  notion  was  further  sup¬ 
ported  by  the  results  showing  that  Lll  associated  with  the 
c -myc  mRNA  regardless  of  the  presence  or  absence  of  20  mM 
EDTA  (Fig.  7F).  To  further  confirm  this  notion  while  also 
testing  whether  Lll  associates  with  c -myc  mRNA  through  bind¬ 
ing  to  translating  c-Myc  protein  in  a  ribosome-c -myc  mRNA 
complex,  we  conducted  sequential  co-IP  followed  by  RT-qPCR 
assays.  293  cells  transfected  with  V5-c-Myc  in  the  presence  or 
absence  of  Flag-Lll  were  subjected  to  a  first  co-IP  with  anti- 
Flag  antibodies.  As  shown  in  Fig.  7G  and  consistent  with  our 
previous  reports  (12,  17),  c-Myc  was  coimmunoprecipitated 
with  Flag-Lll  (lane  4).  The  Flag-Lll-associated  protein  com¬ 
plex  was  eluted  with  Flag  peptides.  The  elution  was  then  sub¬ 
jected  to  a  second  co-IP  using  anti-V5  antibodies.  The  anti-V5 
immunoprecipitates  (lane  6,  Fig.  7G)  specifically  represent  the 
c-Myc-associated  Lll.  RNA  was  extracted  from  the  elution 
from  the  first  IP  with  anti-Flag  antibody  or  control  IgG  as  well 
as  the  immunoprecipitates  from  the  second  IP  with  anti-V5 
antibodies  or  control  IgG,  followed  by  detection  of  c -myc 
mRNA  by  the  use  of  RT-qPCR.  As  shown  in  Fig.  7H,  c -myc 
mRNA  was  detected  only  in  the  immunoprecipitates  from  the 
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FIG.  6.  Lll  recruits  miRISC  to  c -myc  mRNA  in  response  to  ribosomal  stress.  (A)  Treatment  with  Act  D  or  5-FU  increases  the  binding  of  Lll 
to  c -myc  mRNA.  U20S  cells  were  treated  with  DMSO,  Act  D  (5  nM),  or  5-FU  (10  p-g/ml)  for  12  h.  The  cell  lysates  were  immunoprecipitated  with 
control  IgG  or  anti-Lll  antibodies  followed  by  RT-qPCR  detection  of  c -myc  mRNA.  (B)  Treatment  with  Act  D  or  5-FU  increases  the  binding  of 
Ago2  to  c -myc  mRNA.  U20S  cells  were  treated  with  DMSO,  Act  D  (5  nM),  or  5-FU  (10  p,g/ml)  for  12  h.  The  cell  lysates  were  immunoprecipitated 
with  anti-Ago2  antibodies  or  control  IgG  followed  by  RT-qPCR  detection  of  c-myc  mRNA.  (C)  Knockdown  of  Lll  abolishes  Ago2  binding  to  c -myc 
mRNA  in  response  to  ribosomal  stress.  U20S  cells  transfected  with  scrambled  or  Lll  siRNA  were  treated  with  DMSO,  Act  D  (5  nM),  or  5-FU  (10 
p.g/ml)  for  12  h.  The  cell  lysates  were  immunoprecipitated  with  anti-Ago2  antibodies  or  control  IgG  followed  by  RT-qPCR  detection  of  c -myc  mRNA. 
The  data  were  normalized  to  the  c-myc  mRNA  in  IP  with  control  IgG.  (D)  Treatment  with  Act  D  or  5-FU  increases  the  binding  of  Lll  to  Ago2.  U20S 
cells  were  treated  with  DMSO,  Act  D  (5  nM),  or  5-FU  (10  p-g/ml)  for  12  h.  The  cell  lysates  were  immunoprecipitated  with  anti-Ago2  antibodies  followed 
by  IB  using  anti-Ll  1  antibodies.  (E)  Treatment  with  Act  D  or  5-FU  increases  the  association  of  LI  1  with  miR-24.  U20S  cells  were  treated  with  DMSO, 
Act  D  (5  nM),  or  5-FU  (10  p,g/ml)  for  12  h  and  subjected  to  IP  with  anti-Lll  or  control  IgG,  followed  by  RT-qPCR  detection  of  miR-24  and  U6  snRNA. 
(F)  Treatment  with  Act  D  or  5-FU  does  not  change  the  total  levels  of  miR-24  in  cells.  U20S  cells  treated  with  DMSO,  Act  D  (5  nM),  or  5-FU  (10  p,g/ml) 
for  12  h  were  examined  for  expression  of  miR-24  normalized  to  that  of  U6  snRNA  by  the  use  of  RT-qPCR  assays. 


first  anti-Flag  and  not  in  those  from  the  second  anti-V5  IP. 
These  results  clearly  demonstrate  that  Lll  association  with 
c -myc  mRNA  is  independent  of  its  interaction  with  c-Myc 
protein  (including  nascent  synthesized  c-Myc  protein),  further 
supporting  the  notion  that  Lll  association  with  c-myc  mRNA 
was  not  due  to  ribosome  translation  of  c-myc  mRNA.  Given  all 
of  these  observations,  we  conclude  that  free  LI  1  interacts  with 
c-myc  mRNA  in  the  cytoplasm. 


Lll  regulation  of  c-myc  mRNA  is  specific.  To  determine 
whether  Lll  regulation  of  c-myc  mRNA  turnover  is  a  general 
effect  of  all  individual  RPs,  we  first  examined  whether  knock¬ 
down  of  several  other  RP  genes,  including  L23,  L26,  and  L29, 
would  also  affect  c-myc  mRNA  and  protein  levels.  As  shown  in 
Fig.  8A,  unlike  knockdown  of  Lll,  knockdown  of  L23,  L26,  or 
L29  did  not  affect  the  levels  of  c-myc  mRNA  (top  panel)  and 
protein  (middle  panel)  in  U20S  cells.  Consistent  with  those 


Vol.  31,  2011 


Lll  REGULATES  c -myc  mRNA  VIA  RECRUITING  miRISC  4017 


PGL3-UTR  pGL3-UTR 
♦Flag  +  Flag-Ll  1 


.ml 

Nuc  Cyto  Nuc  Cyto 

PGL3UTR  pGL3-UTR 
+Flag  +  Flag-Lll 


-  Flag 
+  Flag-Ul 
"GL3-UTR 
SP1 

tubulin 
actin 


B 


cc 


□  IgG  Bantl-LII 

Nuc  Cyto 

i 

| 

-  ♦  -  + 

»  m 

- 

— 

itn  rt  r 

1 

12  3  4 

Act  D 
SP1 

tubulin 

actin 


DMSO 


Act  D 


Cyto  Np 


No 


Act  D 


IP  with:  •B6 


sup  pellet 


IP  with:  IgG  U1  IgG  U1 
Act  D 


Vector 

Flag  Lll 

DMSO 

G 

Input 

IP: 

a-Flag 

1st  IP:  a-Flag 

2nd  IP:  ct-VS 

H  « 

8 

♦  ♦ 

♦ 

♦  + 

♦ 

♦  ♦ 

-  + 

V5-c-Myc 

Flag-Lll 

a. 

i  s 
s 

a-V5 

c-Myc 

1  4 

a-Flag 

_  IgG  LC 

£  2 

• 

-  Flag-Lll 

u 

2  3  4 


□  IgG  ■anti-Flag 

1M  IP:  anti-Flag 

2"'*  IP;Q|gG  ■anti-VS 

i 

I 

I 

rmr 

1 

rm  jdL 

EDTA: 


OfflW 


VS-c-Myc  + 
Flag-Lll  . 


FIG.  7.  Ribosome-free  Lll  associates  with  c-myc  mRNA  in  the  cytoplasm.  (A)  Lll  binds  to  the  c -myc  3'-UTR  in  the  cytoplasm.  293  cells 
transfected  with  pGL3-myc3'UTR  together  with  control  Flag  or  Flag-Ll  1  vector  were  fractionated  into  the  cytoplasm  (Cyto)  and  the  nucleus  (Nuc) 
fractions,  followed  by  IP  with  anti-Flag  antibody  or  mouse  IgG.  The  immunoprecipitates  were  assayed  for  expression  of  luciferase  mRNA  (left 
panel)  and  c-myc  mRNA  (middle  panel)  by  the  use  of  RT-qPCR  assays.  Cellular  fractionation  was  verified  by  detecting  the  nuclear  SP1  and 
cytoplasmic  tubulin  by  the  use  of  IB  (right  panels).  Actin  was  used  as  a  loading  control.  (B)  Act  D  treatment  enhances  the  interaction  of 
endogenous  Lll  with  the  c-myc  mRNA  in  the  cytoplasm.  The  cytoplasmic  and  the  nuclear  fractions  were  isolated  from  U20S  cells  treated  with 
DMSO  or  Act  D  (5  nM)  for  12  h,  followed  by  IP  with  anti-Lll  antibodies  or  control  rabbit  IgG.  The  immunoprecipitates  were  assayed  for 
expression  of  c-myc  mRNA  by  the  use  of  RT-qPCR  assays  (left  panel).  Cellular  fractionation  was  verified  by  IB  detection  of  SP1  and  tubulin 
proteins  (right  panels).  (C)  Treatment  with  Act  D  releases  Lll  from  the  nucleolus  into  the  nucleoplasm  and  the  cytoplasm.  U20S  cells  treated 
with  DMSO  or  Act  D  (5  nM)  for  12  h  were  subjected  to  isolation  of  the  cytoplasm  (Cyto),  nucleoplasm  (Np),  and  the  nucleolus  (No)  fractions, 
followed  by  IB  detection  of  the  indicated  proteins.  Nucleophosmin  (B23)  and  nucleolin  (C23)  were  used  as  nucleolar  markers.  (D)  Ribosome-free 
Lll  binds  to  c-myc  mRNA.  Nonribosome  supernatants  containing  free  RPs  were  isolated  from  293  cells  transfected  using  control  or  Flag-Ll  1 
plasmid  and  sucrose  centrifugation  as  described  in  Materials  and  Methods.  The  supernatants  were  immunoprecipitated  with  anti-Flag  antibody  or 
mouse  IgG  followed  by  RT-qPCR  detection  of  c-myc  mRNA  in  the  immunoprecipitates.  (E)  Act  D  treatment  enhances  the  interaction  of  free 
endogenous  Lll  with  c-myc  mRNA.  Nonribosome  supernatants  containing  free  RPs  were  isolated  from  U20S  cells  treated  with  DMSO  or  Act 
D  (5  nM)  for  12  h.  The  supernatants  were  immunoprecipitated  with  anti-Lll  antibodies  or  control  IgG  followed  by  RT-qPCR  detection  of  c-myc 
mRNA  (left  panel).  The  Lll  protein  was  detected  using  IB  (upper  right  panels).  S.E,  short  exposure;  L.E,  longer  exposure.  The  rRNAs  from 
polysome  pellets  as  shown  in  the  lower  right  panel  were  revealed  by  ethidium  bromide  staining.  (F)  LI  1  interacts  with  c-myc  mRNA  in  the  presence 
of  EDTA.  U20S  cells  transfected  with  Flag-Ll  1  were  subjected  to  IP  in  the  absence  or  presence  of  20  mM  EDTA.  RNA  IPs  were  conducted  using 
anti-Flag  antibody  or  control  IgG  followed  by  RT-qPCR  detection  of  c-myc  mRNA.  (G)  Sequential  co-IP  of  the  Lll-c-Myc  protein  complex.  293 
cells  were  transfected  with  V5-c-Myc  in  the  presence  or  absence  of  Flag-Lll.  The  cell  lysates  were  first  immunoprecipitated  with  anti-Flag 
antibody.  The  Flag-Ll  1-associated  protein  complexes  were  eluted  with  Flag  peptide.  Half  of  the  elution  was  assayed  for  V5-c-Myc  and 
Flag-Lll  proteins  by  the  use  of  IB.  The  other  half  was  subjected  to  a  second  IP  using  anti-V5  antibody  followed  by  IB  detection  of  V5-c-Myc 
and  Flag-Lll  proteins.  (H)  Sequential  co-IP  of  the  LI  1-c -myc  mRNA  complex.  293  cells  were  transfected  with  V5-c-Myc  in  the  presence 
or  absence  of  Flag-Lll.  The  cell  lysates  were  first  immunoprecipitated  with  anti-Flag  antibody  or  control  IgG  followed  by  elution  with  Flag 
peptide.  Half  of  the  elution  was  assayed  for  c-myc  mRNA  by  the  use  of  RT-qPCR  assays.  The  other  half  was  subjected  to  a  second  IP  using 
anti-V5  antibody  or  control  IgG,  followed  by  RT-qPCR  detection  of  the  c-myc  mRNA. 
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FIG.  8.  Lll  regulation  of  c-myc  mRNA  turnover  is  specific.  (A)  Knockdown  of  L23,  L26,  or  L29  does  not  enhance  c-Myc  levels.  U20S  cells 
transfected  with  scrambled,  L23,  L26,  or  L29  siRNA  were  subjected  to  detection  of  c-myc  mRNA  by  the  use  of  RT-qPCR  and  of  c-Myc  protein 
by  the  use  of  IB  assays.  The  results  of  knockdown  of  the  individual  RPs  shown  in  the  bottom  panels  were  determined  by  IB  (Lll  and  L23)  or 
RT-PCR  (L26  and  L29).  (B)  Overexpression  of  L23,  L26,  or  L29  does  not  reduce  c-Myc  levels.  U20S  cells  transfected  with  control  (Ctl),  Flag-L23, 
Flag-L26,  or  Flag-L29  plasmid  were  subjected  to  detection  of  c-myc  mRNA  by  the  use  of  RT-qPCR  (top  panel)  and  of  c-Myc  protein  by  the  use 
of  IB  assays  (bottom  panels).  (C)  L23  and  L29  do  not  bind  to  c-myc  mRNA  in  cells.  293  cells  were  transfected  with  control  pGL3  or 
pGL3-myc3'UTR  together  with  Flag-Lll,  Flag-L23,  or  Flag-L29.  The  cell  lysates  were  immunoprecipitated  with  anti-Flag  antibody  or  control  IgG, 
followed  by  RT-qPCR  detection  of  luciferase  mRNA.  (D)  Knockdown  of  Lll  does  not  evoke  upregulation  of  a  set  of  other  mRNAs.  U20S  cells 
transfected  with  scrambled  or  Lll  siRNA  were  subjected  to  detection  of  the  indicated  mRNAs  by  the  use  of  RT-qPCR  assays. 


results,  overexpression  of  these  RPs  did  not  reduce  the  levels 
of  c-myc  mRNA  and  protein  either  (Fig.  8B).  Also,  neither 
knockdown  nor  overexpression  of  S12  affected  the  levels  of 
c-myc  mRNA  and  protein  (data  not  shown).  Furthermore, 
RNA  IPs  were  performed  using  anti-Flag  antibodies  in  cells 


transfected  with  Flag-L23  or  Flag-L29.  As  shown  in  Fig.  8C, 
unlike  Lll,  neither  L23  nor  L29  was  associated  with  c-myc 
mRNA  in  cells.  Taken  together,  these  results  suggest  that  Lll 
downregulation  of  c-myc  mRNA  and  protein  is  a  specific 
rather  than  a  general  effect  of  all  individual  RPs. 
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To  test  whether  Lll  regulation  of  c -myc  mRNA  is  also 
specific  to  c -myc  mRNA  rather  than  a  general  effect  on  global 
mRNA  turnover,  we  examined  the  levels  of  a  number  of  other 
mRNAs  upon  Lll  knockdown.  These  included  the  tumor 
suppressor  gene  p53,  oncogenes  mdm2  and  mdmx,  two  labile 
early-response  genes  that  contain  AREs  in  their  3'TJTR  similar 
to  that  in  c -myc  3'-UTR,  c -fos  and  c-jun  (8,  9,  46),  and  the 
early-response  gene  egrl.  As  shown  in  Fig.  8D,  unlike  the  results 
seen  with  c -myc  mRNA,  none  of  these  genes  were  upregulated 
upon  knockdown  of  Lll.  Thus,  Lll  regulation  of  c -myc  mRNA  is 
also  not  a  general  effect  for  all  cellular  transcripts,  although  we 
cannot  exclude  the  possibility  that  knockdown  of  Lll  might  affect 
the  turnover  of  some  other  untested  mRNAs. 

DISCUSSION 

c-Myc  promotes  cell  growth  and  proliferation  by  enhancing 
ribosomal  biogenesis  and  translation.  Deregulated  ribosomal 
biogenesis  and  translation  contribute  to  malignant  transforma¬ 
tion  and  conceivably  play  a  key  role  in  c-Myc-driven  tumori- 
genesis.  Our  previous  studies  revealed  that  ribosomal  protein 
Lll,  whose  transcription  is  induced  by  c-Myc,  directly  suppresses 
c-Myc  activity,  thus  coordinating  c-Myc  activity  with  ribosomal 
biogenesis.  In  this  study,  we  found  that  Lll  destabilizes  c -myc 
mRNA  through  a  novel  miRNA-mediated  mechanism.  Impor¬ 
tantly,  Lll-mediated  c -myc  mRNA  decay  is  required  for  c-Myc 
downregulation  in  response  to  ribosomal  stress. 

Exposure  of  cells  to  external  or  intrinsic  insults,  if  not  prop¬ 
erly  dealt  with,  can  lead  to  genomic  instability.  p53-dependent 
cell  cycle  checkpoints  play  a  key  role  in  maintaining  genomic 
instability  in  response  to  diverse  stressors  (63,  64).  Recent 
studies  have  shown  that  deregulated  overactivation  of  c-Myc 
induces  genomic  instability,  which  could  contribute  to  its  on¬ 
cogenic  potential  (27,  41,  49).  For  this  reason,  c-Myc  should  be 
tightly  controlled  under  stress  conditions.  Indeed,  it  has  re¬ 
cently  been  shown  that  c-Myc  levels  are  reduced  in  cells  fol¬ 
lowing  DNA  damage  (6,  7,  48).  Flowever,  whether  and  how 
c-Myc  is  regulated  in  response  to  ribosomal  stress  are  not 
clear.  Treatment  of  cells  with  a  low  dose  of  Act  D  or  5-FU 
suppresses  ribosomal  biogenesis  and  causes  ribosomal  stress, 
leading  to  p53  activation  via  enhancing  RP-MDM2  interaction 
(4,  14,  18,  57).  Flere,  we  show  for  the  first  time  that  c-Myc  is 
significantly  reduced  at  mRNA  levels  following  ribosomal 
stress  mediated  by  treatment  with  Act  D  or  5-FU,  implying 
that  c-Myc  downregulation  might  also  be  an  important  cellular 
response  following  ribosomal  stress.  Failure  of  that  response 
might  contribute  to  genomic  instability  and  tumorigenesis. 

Accumulating  data  suggest  that  miRNAs  play  a  crucial  role 
in  gene  regulation  in  response  to  stress  (35).  However,  most 
studies  have  focused  on  the  changes  in  miRNA  levels  or  the 
molecular  ratio  of  miRNAs  to  target  mRNAs  following  stress 
(35).  Certain  RNA-binding  proteins  (RBPs)  can  modulate  the 
function  of  miRNAs.  For  example,  TTP  promotes  tumor  ne¬ 
crosis  factor  alpha  (TNF-a)  mRNA  decay  caused  by  miR-16 
(29)  and  HuR  facilitates  the  targeting  of  c -myc  mRNA  by  let-7 
(32).  Conversely,  dead  end  1  (Dndl)  suppresses  miRNA  access 
to  target  mRNAs  (31).  However,  whether  RBPs  regulate 
miRNA  functions  in  response  to  stress  has  not  been  investi¬ 
gated  as  fully.  Bhattacharyya  et  al.  (5)  showed  that  HuR  inter¬ 
acts  with  cationic  amino  acid  transporter  1  (CAT-1)  mRNA 


and  relieves  its  translational  repression  by  miR-122  following 
amino  acid  starvation.  Here,  we  report  for  the  first  time  that 
Lll  plays  a  key  role  in  miR-24-mediated  c -myc  mRNA  decay 
in  response  to  ribosomal  stress.  Treatment  of  cells  with  Act  D 
or  5-FU  markedly  increased  the  binding  of  Lll  and  Ago2  to 
the  c -myc  mRNA  as  well  as  the  association  of  LI  1  with  Ago2 
and  miR-24  (Fig.  6).  Lll  is  required  for  the  increased  binding 
of  Ago2  to  c -myc  mRNA  following  the  treatments  described 
above  (Fig.  6C).  Knockdown  of  either  Lll  or  Ago2  abolished 
c -myc  mRNA  reduction  in  response  to  the  treatments  de¬ 
scribed  above  (Fig.  5).  Interestingly,  binding  of  HuR  to  either 
c -myc  mRNA  or  let-7b  was  not  increased  in  response  to  treat¬ 
ment  with  Act  D  or  5-FU  (data  not  shown).  Thus,  ribosomal 
stress  might  trigger  a  specific  Lll-mediated  c -myc  mRNA  de¬ 
cay  pathway  involving  the  miR-24-loaded  miRISC. 

How  Lll  recruits  miRISC  to  the  c -myc  mRNA  is  currently 
not  clear.  Ago2  is  a  core  component  of  miRISC  (47,  61)  and 
directly  interacts  with  mature  miRNAs.  Lll  interacts  with 
Ago2  in  cells,  but  this  interaction  requires  RNA.  Thus,  it  is 
likely  that  by  binding  to  miR-24  and  c -myc  mRNA,  Lll  may 
act  as  an  accessory  factor  to  facilitate  miRISC  loading  onto 
c -myc  mRNA  or  to  stabilize  the  miR-24-loaded  miRISC-c-myc 
mRNA  complex.  It  is  also  likely  that  Lll  binding  changes  the 
c -myc  3'-UTR  into  a  conformation  that  favors  its  targeting  by 
miRISC.  Another  unanswered  question  is  how  Lll  specifically 
associates  with  miR-24  among  the  tested  miRNAs  that  target 
c -myc  mRNA  (Fig.  4A  and  B).  miR-24  seems  to  strongly  target 
a  “seedless”  sequence  (nt  447  to  468)  at  the  3'  end  of  the  c -myc 
3'-UTR,  although  it  also  targets  an  additional  site  (nt  255  to  276) 
(34).  Our  mapping  results  showed  that  Lll  binds  to  the  3'  end  of 
the  c -myc  3'-UTR  (Fig.  2E),  suggesting  that  Lll  may  change  the 
local  3'-UTR  conformation  to  expose  the  miR-24  binding  region 
and  facilitate  the  miR-24  targeting  of  the  c -myc  3'-UTR.  Other¬ 
wise,  Lll-miRNA  sequence-specific  interactions  may  contribute 
to  this  specificity.  Further  studies  that  aim  to  identify  other  Lll- 
associated  miRNAs  that  target  c -myc  are  planned. 

miR-24  has  recently  been  shown  to  block  the  Gj/S  transition 
by  targeting  the  cell  cycle  regulatory  network,  among  the  com¬ 
ponents  of  which  c-Myc  is  one  of  the  key  direct  targets  of 
miR-24  (34).  Consistent  with  these  results,  miR-24  is  upregu¬ 
lated  during  terminal  differentiation  in  diverse  cell  types. 
miR-24  targets  c -myc  mRNA  through  binding  to  several  seed¬ 
less  3'-UTR  miRNA  recognition  elements.  This  miRNA-tar- 
get  mRNA  pairing,  though  imperfect,  could  still  lead  to  c -myc 
mRNA  decay  (34).  In  fact,  it  has  recently  been  shown  that 
mRNA  degradation  contributes  to  most  (>84%)  of  the  miRNA- 
mediated  gene  silencing  effect  in  mammalian  cells  (26).  Our  data 
support  the  notion  of  a  role  for  miR-24  in  downregulating  c -myc 
mRNA  levels  and  negatively  regulating  cell  cycle  progression.  It 
should  be  interesting  to  examine  whether  ribosomal  stress  can 
elicit  Lll-  and  miR-24-dependent  suppression  of  other  genes  in 
the  cell  cycle  regulatory  network  in  addition  to  c -myc. 

Our  further  data  revealed  that  ribosome-free  Lll  binds  to 
c-myc  mRNA  in  the  cytoplasm.  First,  cytoplasmic  but  not  nu¬ 
clear  Lll  bound  to  c-myc  mRNA  in  cell  fractionation  assays 
(Fig.  7A).  Second,  free  Lll  from  nonribosome  supernatants 
bound  to  c-myc  mRNA  efficiently  in  our  sucrose  centrifugation 
assays  (Fig.  7D).  Third,  Lll  binds  to  c-myc  mRNA  efficiently 
when  the  80S  ribosomes  and  polysomes  are  disrupted,  as 
shown  by  adding  EDTA  into  cell  lysates  (Fig.  7F).  Further- 
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FIG.  9.  Schematic  model  of  Lll  regulation  of  c -myc  mRNA  decay 
via  miRISC  in  response  to  ribosomal  stress.  Under  normal  conditions 
(top  panel),  the  40S  and  60S  mature  ribosome  subunits  are  assembled 
in  the  nucleolus  and  transported  into  the  cytoplasm  to  mediate  trans¬ 
lation  of  c -myc  mRNA.  Upon  perturbation  of  ribosomal  biogenesis 
(ribosomal  stress;  bottom  panel),  individual  small  (RPS)  and  large 
(RPL)  ribosomal  proteins,  including  Lll,  are  released  from  the  nu¬ 
cleolus  into  the  nucleoplasm,  where  Lll  binds  to  c-Myc  protein  and 
suppresses  its  transactivation  activity  (not  shown),  and  into  the  cyto¬ 
plasm,  where  Lll  recruits  miR-24-loaded  miRISC  to  the  c -myc  3'- 
UTR,  leading  to  c -myc  mRNA  decay. 


more,  ribosomal  stress  induces  the  release  of  nucleolar  Lll 
into  both  the  cytoplasm  and  the  nucleus  (Fig.  1C)  and  en¬ 
hances  the  free  Lll  (Fig.  7E)  binding  to  c -myc  mRNA  in  the 
cytoplasm  (Fig.  7B).  It  is  therefore  likely  that  ribosome -free 
Lll  plays  a  dual  role  in  regulating  c-Myc:  suppressing  c-Myc 
transactivation  activity  in  the  nucleus  (12)  and  promoting  c- 
myc  mRNA  decay  by  recruiting  miRISC  to  the  c -myc  3'-UTR 
in  the  cytoplasm  (Fig.  9).  These  two  effects  are  mutually  ex¬ 
clusive,  as  our  sequential  RNA-IP  assays  showed  that  c-Myc 
protein-associated  Lll  does  not  bind  to  c -myc  mRNA  (Fig. 
7H).  These  results  also  exclude  the  possibility  that  Lll  binding 
to  c -myc  mRNA  occurs  through  binding  to  the  nascent  trans¬ 
lating  c-Myc  protein. 

Interestingly,  the  regulation  of  c -myc  mRNA  by  LI  1  is  spe¬ 
cific  to  Lll,  as  neither  knockdown  nor  overexpression  of  other 
tested  RPs,  including  L23,  L26,  L29,  and  S12  (Fig.  8A  and  B 
and  data  not  shown),  changed  the  levels  of  c -myc  mRNA  and 
protein.  Unlike  Lll,  neither  L23  nor  L29  associated  with  the 
c -myc  mRNA  (Fig.  8C).  Thus,  not  all  individual  RPs  would 
regulate  c -myc  mRNA.  On  the  other  hand,  Lll  regulation  of 
c -myc  mRNA  is  also  specific  to  c -myc  mRNA  and  not  a  general 
effect  on  global  mRNA  turnover,  as  knockdown  of  Lll  did  not 


affect  the  levels  of  several  tested  mRNAs  (Fig.  8D).  In  partic¬ 
ular,  and  in  similarity  to  the  results  seen  with  c -myc  mRNA, 
c -fos  and  c -jun  are  labile  mRNAs  that  contain  AREs  in  their 
3'-UTR  (8,  9,  46).  However,  neither  of  the  mRNAs  exhibited 
an  increased  level  upon  knockdown  of  Lll.  Although  we  can¬ 
not  rule  out  the  possibility  that  other  untested  RPs  may  regu¬ 
late  c -myc  mRNA  or  that  Lll  may  regulate  other  untested 
mRNAs,  our  data  strongly  suggest  a  key  role  for  Lll  in  con¬ 
trolling  c-Myc  levels  (and  thus  activity  during  normal  homeo¬ 
stasis  as  well  as  in  response  to  stress). 

We  have  previously  shown  that  Lll  suppresses  c-Myc-driven 
target  gene  transcription  mediated  by  all  three  RNA  poly¬ 
merases  and  cell  proliferation  whereas  transient  knockdown  of 
Lll  enhances  these  c-Myc  activities  (12,  17).  Also,  knockdown 
of  Lll  attenuates  ribosomal  stress-induced  cell  cycle  arrest  by 
preventing  p53  activation  (4,  16,  57-59).  However,  prolonged 
ablation  of  Lll  would  eventually  impair  ribosomal  biogenesis 
and  cause  cell  growth  arrest.  In  that  case,  upregulated  c-Myc 
could  cause  replicative  stress  or  some  other  form  of  metabolic 
stress  and  lead  to  cell  cycle  exit  from  and/or  cell  death  in  the 
S  phase.  Supporting  this  notion,  mutations  in  the  Lll  gene 
have  been  reported  in  patients  with  Diamond-blackfan  ane¬ 
mia,  an  inherited  cancer-related  disease  characterized  by 
defective  erythropoiesis  and  developmental  defects  (11,  22). 
Future  studies  would  aim  to  test  this  hypothesis. 

In  summary,  our  current  observations,  together  with  the 
results  of  previous  studies  (12,  17),  suggest  that  Lll,  whose 
transcription  is  induced  by  c-Myc  (12,  38),  tightly  coordinates 
c-Myc  activity  and  levels  with  ribosomal  biogenesis,  forming  an 
elegant  feedback  regulatory  loop.  Conceivably,  when  ribo¬ 
somal  biogenesis  is  overactive  following,  for  example,  overex¬ 
pression  of  oncogenes,  including  c-Myc,  Lll  is  induced  and 
may  subsequently  target  c-Myc  to  maintain  normal  homeo¬ 
static  levels  of  c-Myc  in  cells.  Together,  our  data  here  reveal  a 
critical  role  for  Lll  in  controlling  c-Myc  levels  in  response  to 
ribosomal  stress.  Previous  studies  have  firmly  established  the 
role  for  Lll  in  transmitting  ribosomal  stress  to  p53  signaling 
(68).  Thus,  Lll  acts  as  a  key  ribosomal  “stress  sensor”  in 
monitoring  the  integrity  of  ribosomal  biogenesis  by  activating 
both  p53  and  suppressing  c-Myc  signals. 
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ABSTRACT 

The  oncoprotein  c-Myc  is  essential  for  cell  growth  and  proliferation  while 
its  deregulated  overexpression  is  associated  with  most  human  cancers.  Thus 
tightly  regulated  levels  and  activity  of  c-Myc  are  critical  for  maintaining  normal 
cell  homeostasis.  c-Myc  is  down-regulated  in  response  to  several  types  of  stress, 
including  UV-induced  DNA  damage.  Yet,  mechanism  underlying  UV-induced  c-Myc 
reduction  is  not  completely  understood.  Here  we  report  that  Lll  promotes  miR-130a 
targeting  of  c-myc  mRNA  to  repress  c-Myc  expression  in  response  to  UV  irradiation. 
miR-130a  targets  the  3'-untranslated  region  (UTR)  of  c-myc  mRNA.  Overexpression 
of  miR-130a  promotes  the  Ago2  binding  to  c-myc  mRNA,  significantly  reduces  the 
levels  of  both  c-Myc  protein  and  mRNA  and  inhibits  cell  proliferation.  UV  treatment 
markedly  promotes  the  binding  of  Lll  to  miR-130a,  c-myc  mRNA  as  well  as  Ago2 
in  cells.  Inhibiting  miR-130a  significantly  suppresses  UV-mediated  c-Myc  reduction. 
We  further  show  that  Lll  is  relocalized  from  the  nucleolus  to  the  cytoplasm  where 
it  associates  with  c-myc  mRNA  upon  UV  treatment.  Together,  these  results  reveal 
a  novel  mechanism  underlying  c-Myc  down-regulation  in  response  to  UV-mediated 
DNA  damage,  wherein  Lll  promotes  miR-130a-loaded  miRISC  to  target  c-myc  mRNA. 


INTRODUCTION 

The  c-Myc  oncoprotein  is  essential  for  normal  cell 
growth  and  proliferation  by  regulating  the  expression  of 
a  large  number  of  genes  involved  in  cell  cycle,  apoptosis, 
differentiation,  angiogenesis,  metabolism,  ribosomal 
biogenesis,  and  stem  cell  renewal  [1-3].  However, 
deregulated  overexpression  and  activation  of  c-Myc 
contribute  to  a  broad  range  of  human  cancers  [4].  Thus, 
c-Myc  level  and  activity  must  be  tightly  regulated  during 
normal  homeostasis  and  turning  down  c-Myc  level  and 
activity  in  cancer  cells  has  therapeutic  significance. 

In  normal  cells,  c-Myc  is  tightly  regulated  at  multiple 
levels  [3]  and  these  mechanisms  can  be  disrupted  in  cancer 
cells.  c-Myc  transcription  is  transiently  activated  by  growth 
factor  and  mitogenic  stimuli  and  controlled  by  multiple 
promoter  elements  at  the  c-myc  gene  [3,  5,  6].  c-Myc 


translation  can  be  regulated  at  both  the  5 ’-untranslated 
region  (UTR)  and  the  3 ’-UTR  [7,  8].  c-Myc  protein 
stability  is  subjected  to  a  multitude  of  tight  posttranslational 
regulation  via  the  ubiquitin-dependent  proteasome  system 
[9-11].  Likewise,  c-myc  mRNA  stability  is  regulated  by  a 
translation- independent  mechanism  involving  an  AU -rich 
element  (ARE)  at  its  3’-UTR  [12,  13]  and  a  translation- 
dependent  mechanism  involving  an  ~250  nucleotide  (nt) 
coding  region  instability  determinant  (CRD)  [14,  15]. 
Several  ARE  binding  proteins,  including  AUF1  [16],  HuR 
[17],  and  tristetraprolin  (TPP)  [18]  have  been  found  to 
bind  c-myc  ARE  and  act  as  c-myc  mRNA  destabilizing 
factors.  CRD  binding  protein  (CRD-BP)  binds  to  the 
CRD,  leading  to  the  protection  of  c-myc  mRNA  from 
endoribonuclease  cleavage  within  CRD  [14,  15].  Finally, 
c-myc  mRNA  stability  and/or  translation  are  negatively 
regulated  by  several  microRNAs  (miRNAs),  such  as  Let-7 
[19],  miR-145  [20],  miR-34c  [21],  miR-24  [22,  23],  and 
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miR-185  [24].  Together,  c-Myc  is  precisely  regulated  to 
coordinate  with  normal  cell  growth  and  proliferation. 

c-Myc  also  needs  to  be  tightly  controlled  under 
stress  conditions.  To  overcome  cellular  stress  and 
maintain  genomic  integrity,  cells  develop  mechanisms 
to  slow  down  cell  cycle  progression  allowing  cells  to 
recover  from  the  damage  or  eliminate  the  cells  from 
the  replicating  pool  if  the  damage  is  irreparable.  One 
of  the  key  mechanisms  is  p53-dependent  cell  cycle 
checkpoint  that  is  activated  by  almost  all  kinds  of  stress, 
including  DNA  damage  such  as  ultraviolet  (UV)  and 
y-irradiation,  oncogenic  and  ribosomal  stress  [25-27].  It 
has  been  shown  that  c-Myc  overactivation  can  induce 
genomic  instability  [3,  28].  Thus,  c-Myc  needs  to  be 
tightly  controlled  in  order  to  coordinate  with  stalled 
cell  cycle  progression  in  response  to  stress.  Indeed, 
c-Myc  protein  is  reduced  by  treatment  of  cells  with 
UV  irradiation  [29]  and  other  DNA  damaging  agents 
[30].  However,  the  mechanisms  underlying  the  c-Myc 
down-regulation  in  response  to  DNA  damage  are  not 
completely  understood. 

We  previously  found  that  ribosomal  protein  Lll 
(Lll  thereafter)  regulates  c-Myc  levels  via  miR-24- 
mediated  c-myc  mRNA  decay  in  response  to  ribosomal 
stress  [22].  miRNAs  are  a  class  of  small  endogenous 
non-coding  RNAs  controlling  the  activity  of  ~50% 
of  all  protein-coding  genes  in  mammals  (33).  Mature 
miRNAs  are  single  stranded  RNAs  of  ~23  nt  in  length 
that  negatively  regulate  gene  expression  by  base  pairing 
to  partially  or  perfectly  complementary  sites  on  the 
target  mRNA,  usually  in  the  3’-UTR,  to  affect  the 
translation  and/or  mRNA  stability  [31-33].  miRNAs 
play  key  roles  in  the  regulation  of  diverse  cellular 
processes  [31];  deregulation  of  miRNAs  is  associated 
with  the  development  of  various  human  diseases 
including  cancers  [34-36].  Lll  was  initially  found  to 
be  essential  for  p53  activation  in  response  to  ribosomal 
stress  induced  by  perturbation  of  ribosomal  biogenesis 
[37-39].  Ribosomal  stress  is  often  accompanied  by  the 
disruption  of  the  nucleolus,  leading  to  the  relocation  of 
the  nucleolar  components  including  ribosomal  proteins 
into  the  nucleoplasm  [40,  41].  Intriguingly,  disruption  of 
the  nucleolus  is  also  a  common  event  in  cells  following 
DNA  damage  including  UV  irradiation  [42],  suggesting 
that  Lll  may  play  a  role  in  regulating  c-Myc  via  miRISC 
in  response  to  DNA  damage  as  well. 

In  this  study,  we  found  that  Lll  recruits  miR- 
130a-3p  (miR-130a  thereafter)  to  target  c-myc  mRNA 
following  UV  irradiation.  Overexpression  of  miR-130a 
decreases  both  c-myc  mRNA  and  protein  and  inhibits  cell 
proliferation.  UV  damage  induces  the  release  of  Lll  from 
the  nucleolus  to  the  cytoplasm  where  it  recruits  miR-130a- 
associated  RNA  interference  silencing  complex  (miRISC) 
to  target  c-myc  mRNA  at  its  3’-UTR.  Thus  our  results 
uncover  a  novel  function  of  miR-130a  in  suppressing 
c-Myc  in  response  to  DNA  damage. 


RESULTS 

Lll  associates  with  miR-130a 

We  have  previously  shown  that  Lll  associates  with 
miR-24,  but  not  other  Myc-targeting  miRNAs  including 
let-7b  and  miR-34c,  to  repress  c-Myc  expression  in 
response  to  ribosomal  stress  [22].  To  further  elucidate 
the  role  of  L 1 1  in  the  regulation  of  c-Myc,  we  sought  to 
examine  whether  it  could  associate  with  other  miRNAs 
that  negatively  regulate  cell  growth  and  proliferation.  We 
performed  RNA-IP  assays  with  anti-Flag  antibody  using 
lysates  from  293  cells  transfected  with  control  or  Flag-Lll 
plasmid.  RNAs  extracted  from  the  immunoprecipitates 
were  assayed  by  RT-qPCR  for  a  panel  of  miRNAs  with 
potential  tumor  suppressor  function,  including  miR-15a, 
miR-16,  miR-130a,  miR-107,  miR-200b,  and  several 
let-7  family  members  including  let-7a,  let-7c,  let-7f  and 
miR-98  [35,  43-48].  As  shown  in  Fig.  1A,  Lll  bound 
strongly  to  miR-130a  and  to  a  less  extent  to  miR-16,  but 
not  other  tested  miRNAs.  To  verify  this  Lll-miR-130a 
association,  we  performed  similar  RNA-IP  experiments  in 
cells  transfected  with  Flag-Lll  using  IgG  control.  Indeed, 
miR-130a  was  specifically  immunoprecipitated  by  anti- 
Flag  antibody,  but  not  control  IgG,  in  both  293  (Fig.  IB) 
and  U20S  (Fig.  1C)  cells,  suggesting  that  Lll  associates 
with  miR-130a  in  cells. 

miR-130a  regulates  c-Myc  levels 

miR-130a  has  recently  been  shown  to  suppress 
cancer  cell  growth  and  invasion  through  targeting  the 
proto-oncogene  MET  [43]  and  several  components  in  the 
mitogen-activated  protein  kinase  (MAPK)  pathway  [44]. 
Therefore,  we  next  examined  whether  miR-130a  regulates 
c-Myc  levels.  As  shown  in  Fig.  2A,  overexpression 
of  miR-130a  significantly  reduced  the  levels  of  both 
c-Myc  protein  and  mRNA,  compared  to  the  negative 
mimic  control,  in  U20S  cells.  Conversely,  suppression 
of  endogenous  miR-130a  in  U20S  cells  by  transfecting 
with  miRlDlAN  miR-130a  hairpin  inhibitor  increased  the 
levels  of  both  c-Myc  protein  and  mRNA  as  compared  to 
the  negative  inhibitor  control  (Fig.  2C).  Similar  effects 
were  also  observed  in  primary  human  fibroblast  WI38 
cells  (Figs.  2B  and  2D),  suggesting  that  the  inhibition  of 
c-Myc  by  miR-130a  is  not  cell  type-specific  effect. 

miR-130a  targets  c-myc  mRNA  through  the 
c-myc  3’-UTR 

We  next  asked  whether  miR-130a  directly  targets 
c-myc  mRNA  at  its  3’-UTR.  293  cells  were  co-transfected 
with  control  or  miR-130a  mimic  together  with  control 
pGL3-promoter  vector  or  pGL3-myc  3’UTR,  which 
contains  a  full-length  c-myc  3’-UTR  at  the  3’  end  of 
luciferase  mRNA,  followed  by  measuring  relative 
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Figure  1:  Lll  associates  with  miR-130a.  (A)  Identification  of  miR-130a  as  a  Lll-associated  miRNA.  293  cells  transfected  with 
control  or  Flag-Ll  1  were  subjected  to  RNA-IP  using  anti-Flag  antibody  followed  by  detection  of  indicated  miRNAs  using  RT-qPCR.  The 
expression  of  Flag-Ll  1  is  shown  in  the  right  panel.  (B-C)  Lll  associates  with  miR-130a  in  cells.  Lysates  from  293  (B)  and  U20S  (C) 
cells  transfected  with  Flag-L  1 1  were  immunoprecipitated  with  control  mouse  IgG  or  anti-Flag  antibody,  followed  by  RT-qPCR  detection 
of  miR-130a. 


luciferase  activity.  As  shown  in  Fig.  3A,  overexpression 
of  miR-130a  significantly  reduced  the  luciferase  activity 
in  cells  transfected  with  pGL3-myc-3’UTR,  but  not  the 
control  pGL3  vector,  suggesting  that  miR-130a  targets 
c-myc  mRNA  through  its  3’-UTR.  We  then  searched  for 
the  potential  miR-130a  binding  sites  at  the  c-myc  3’- 
UTR.  Although  no  conserved  seed  sequence  for  miR- 
130a  binding  was  noted,  analysis  using  RNA22  program 
as  described  [23],  which  allows  seed  mismatches  [49], 
identifies  three  putative  non-canonical  “seedless”  miR- 
130a  binding  sites  (BS-1,  BS-2,  and  BS-3)  in  the  5’  of 
the  c-myc  3’-UTR  with  the  miRNA:mRNA  free  folding 
energy  cutoff  -20  Kcal/mol  (Fig.  3B).  Therefore,  we 
tested  whether  miR-130a  targets  c-myc  mRNA  at  these 
sites  using  luciferase  reporters  containing  different 
fragments  of  c-myc  3’-UTR  (Fig.  3C).  As  shown  in  Fig. 
3D,  overexpression  of  miR-130a  significantly  reduced 
the  luciferase  activity  in  cells  expressing  pGL3-myc- 
3’UTR-FL  or  pGL3-myc-3’UTR-Fl  plasmid  containing 


the  three  putative  miR-130a  binding  sites,  whereas  it  did 
not  significantly  affect  such  activity  in  cells  transfected 
with  other  pGL3  reporter  containing  c-myc  3’-UTR 
fragments  lacking  these  sites  (F2,  F3  or  F4)  (Fig.  3D). 
Further,  deletion  of  the  first  putative  binding  sites  (BS-1, 
nt  21-42)  (pGL3-myc-3’UTRABSl)  with  folding  energy 
below  the  stringent  cutoff  (-25  Kcal/mol)  [49]  completely 
abolished  the  inhibition  of  luciferase  activity  upon  miR- 
130a  overexpression  (Fig.  3D).  Together,  these  results 
suggest  that  miR-130a  targets  c-myc  mRNA  through 
binding  to  the  BS-1  site.  To  further  confirm  the  miR- 
130a  targeting  of  c-myc  mRNA,  we  performed  miR- 
130a  transfection  followed  by  RNA-IP  using  anti-Ago2 
antibodies.  As  shown  in  Figs.  3E  and  3F,  both  miR- 
130a  and  c-myc  mRNA,  but  not  U6  or  GAPDH  mRNA, 
were  significantly  enriched  in  the  anti-Ago2,  but  not  the 
control  IgG,  immunoprecipitates  in  cells  transfected  with 
miR-130a  mimic.  Thus,  miR-130a  directly  targets  c-myc 
mRNA  at  its3’-UTR. 
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Figure  2:  miR-130a  regulates  c-Myc  levels.  (A-B)  Overexpression  of  miR-130a  decreases  c-Myc  levels.  U20S  (A)  or  WI38  (B) 
cells  transfected  with  control  or  miR-130a  mimics  were  assayed  for  the  relative  expression  of  miR-130a  normalized  with  U6  snRNA 
(top  panels),  c-myc  mRNA  normalized  with  GAPDH  mRNA  (middle  panels)  by  RT-qPCR,  and  c-Myc  protein  levels  (bottom  panels)  by 
IB.  *p  <  0.01,  compared  with  control  transfected  cells.  (C— D)  Inhibition  of  miR-130a  increases  c-Myc  levels.  U20S  (C)  or  WI38  (D) 
cells  transfected  with  control  or  miR-130a  hairpin  inhibitors  were  assayed  for  the  relative  expression  of  c-myc  mRNA  normalized  with 
GAPDH  mRNA  (middle  panels)  by  RT-qPCR  and  c-Myc  protein  expression  (bottom  panels)  by  IB.  *p  <  0.01,  compared  with  control 
transfected  cells. 


Overexpression  of  miR-130a  suppresses  cell 
proliferation 

To  understand  the  biological  function  of  miR-130a 
inhibition  of  c-Myc,  we  examined  whether  miR-130a 
affects  cell  proliferation.  To  this  end,  U20S  cells  were 
transfected  with  control  or  miR-130a  mimic  followed 
by  cell  cycle  analysis.  As  shown  in  Fig  4A  and  4B, 
overexpression  of  miR-130a  significantly  reduced 
the  percentage  of  S  phase  cells  with  the  concomitant 
accumulation  of  G1  phase  cells,  indicating  the  inhibition 
of  cell  cycle  progression  by  miR-130a.  BrdU  incorporation 
assays  (Figs.  4C,  4D)  also  showed  significant  reduction  of 
S-phase  cells  by  miR-130a  transfection.  These  data  clearly 
indicate  that  miR-130a  negatively  regulates  cell  cycle 
progression  and  proliferation. 

c-Myc  is  down-regulated  following  UV 
irradiation  dependently  on  Lll 

To  determine  the  physiological  relevance  of  the  L 1 1- 
miR-130a  regulation  of  c-Myc,  we  asked  whether  Lll 
recruits  miR-130a  to  target  c-Myc  in  response  to  stress. 
It  has  recently  been  shown  that  c-Myc  protein  is  reduced 
by  treatment  of  cells  with  UV  irradiation  [29]  and  DNA 


damaging  agents  [30],  although  the  underlying  mechanism 
is  not  completely  understood.  In  agreement  with  these 
studies,  we  observed  that  c-Myc  protein  is  reduced  by  UV 
treatment  in  U20S  cells  (Fig.  5A  and  5C).  Interestingly, 
c-myc  mRNA  was  also  significantly  reduced  by  UV 
treatment  in  a  dose-  and  time-dependent  manner  (Figs. 
5B  and  5D),  indicating  that  c-Myc  is  regulated  at  mRNA 
levels  as  well  in  response  to  UV- induced  DNA  damage. 
Also  consistent  with  the  previous  study  (30),  UV-mediated 
c-Myc  reduction  was  partially  rescued  by  the  treatment 
with  the  proteasome  inhibitor  MG132  (Fig.  5E).  Thus, 
UV  treatment  leads  to  both  degradation  of  existing  c-Myc 
protein  and  the  reduction  of  c-myc  mRNA.  Of  note,  the 
c-Myc  reduction  is  not  a  general  consequence  of  cellular 
response  to  UV  irradiation,  as  the  levels  of  several  other 
tested  proteins,  including  HuR,  eIF4G,  and  ribosomal 
protein  L5  (RPL5),  were  not  decreased  following  UV 
treatment  (Fig.  5F). 

We  have  previously  shown  that  the  c-myc  mRNA 
is  down-regulated  in  response  to  ribosomal  stress  via  the 
recruitment  of  miRISC  to  c-myc  3’-UTR  by  Lll  [22]. 
Ribosomal  stress  is  characterized  by  the  disruption  of 
the  nucleolus,  resulting  in  the  relocation  of  the  nucleolar 
components  including  ribosomal  proteins  (e.g.  Lll)  into 
the  nucleoplasm  and  the  cytoplasm  [40,  41].  Intriguingly, 
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Figure  3:  miR-130a  targets  c-myc  mRNA  through  its  3’-UTR.  (A)  Overexpression  of  miR-130a  reduces  the  activity  of  luciferase 
reporter  with  c-myc  3’-UTR.  293  cells  transfected  with  control  pGL3  or  pGL3-myc-3’UTR  in  the  presence  of  (3-gal  plasmid  together 
with  control  or  miR-130a  mimic  as  indicated  were  assayed  for  the  relative  luciferase  activity  nonnalized  to  (3-gal  expression.  *p  <  0.01, 
compared  with  cells  transfected  with  pGL3-myc-3’UTR  and  control  miRNA  mimic.  (B)  Three  putative  miR-130a  binding  sites  (BS-1, 
BS-2  and  BS-3)  in  the  c-myc  3’-UTR  predicted  by  RNA22  program.  (C)  Schematic  diagram  of  the  pGL3-myc-3’UTR  vectors.  The  first 
nucleotide  after  stop  codon  is  indicated  as  “1”.  (D)  miR-130a  regulates  c-Myc  via  BS-1.  293  cells  transfected  with  control  or  miR-130a 
mimic  together  with  the  indicated  pGL3  or  pGL3-myc-3’UTR  vectors  were  assayed  for  the  relative  luciferase  activity  nonnalized  to  (3-gal 
expression.  *p  <  0.01,  compared  with  cells  transfected  with  control  miRNA  mimic  and  corresponding  luciferase  reporters.  (E-F)  Ago2 
associates  with  miR-130a  at  c-myc  mRNA.  U20S  cells  transfected  with  control  or  miR-130a  mimic  were  subjected  to  RNA-IP  using 
control  IgG  or  anti-Ago2  antibody,  followed  by  RT-qPCR  detection  of  c-myc  and  GAPDH  mRNA  (E)  as  well  as  U6  and  miR-130a  (F). 


disruption  of  the  nucleolus  also  occurs  in  cells  following 
DNA  damage,  including  UV  irradiation  [42].  Thus, 
we  tested  whether  Lll  may  be  involved  in  c-Myc 
down-regulation  following  UV  treatment.  U20S  cells 


transfected  with  scrambled  or  L 1 1  siRNA  were  exposed  to 
UV  irradiation.  As  shown  in  Figs.  5G  and  5H,  knockdown 
of  L 1 1  partially  abolished  the  reduction  of  both  c-Myc 
protein  (compare  the  ratio  of  lane  4  to  lane  2  with  the 


www.impactjournals.com/oncotarget 


1105 


Oncotarget 


c 


flj 

o 

CO 

I 

5 

E 


DAPI  Brdll  Merge 


D 


Figure  4:  miR-130a  inhibits  cell  proliferation.  (A-B)  Overexpression  of  miR-130a  inhibits  cell  cycle  progression.  U20S  cells  were 
transfected  with  control  or  miR- 1 30a  mimic  for  48  hours.  The  cells  were  trypsinized,  stained  with  PI,  and  analyzed  by  flow  cytometry.  The 
histograms  of  PI  staining  from  one  representative  experiment  indicating  the  G1  (2N  DNA),  G2/M  (4N  DNA)  and  S  (between  G1  and  G2/M 
phases)  phases  are  shown  in  panel  (A).  The  mean  percentages  of  cells  in  different  cell  cycle  phases  from  three  independent  experiments  are 
shown  in  panel  (B).  *p  <  0.05;  **p  <  0.01,  compared  with  control  transfected  cells.  (C-D)  BrdU  incorporation  assays.  U20S  cells  were 
transfected  with  control  or  miR- 130a  mimic  as  above.  At  48  hour  post-transfection,  the  cells  were  incubated  with  BrdU  for  another  10 
hours.  The  cells  were  fixed  and  stained  with  anti-BrdU  antibodies  (red)  and  DAPI  (blue)  (C).  The  average  of  BrdU-positive  cells  is  shown 
in  (D).  **p  <  0.01,  compared  with  control  transfected  cells. 


ratio  of  lane  3  to  lane  1  in  Fig.  5G,  p  <  0.01)  and  mRNA 
(Fig.  5H)  caused  by  UV  treatment,  indicating  that  Lll 
plays  a  role  in  c-Myc  down-regulation  in  response  to  UV 
irradiation. 

Lll  promotes  the  recruitment  of  miR-130a  to 
c-myc  mRNA  in  response  to  UV  treatment 

We  then  examined  whether  Lll  promotes  the 
recruitment  of  the  miR-130a-loaded  miRISC  to  c-myc 
mRNA  in  response  to  UV  treatment.  First,  U20S  cells 
treated  with  or  without  UV  were  subjected  to  RNA-IP 
using  control  IgG  or  anti-Lll  antibodies,  followed  by 
RT-qPCR  assays.  As  shown  in  Fig.  6A,  Lll  binding  to 
c-myc  mRNA  was  drastically  increased  in  cells  treated 
with  UV  compared  to  the  control  cells,  confirming  that  UV 
treatment  promotes  the  Lll  binding  to  c-myc  mRNA.  Our 


previous  study  showed  that  Lll  binds  to  the  3’-end  (nt  361 
to  470)  of  the  c-myc  3’-UTR  [22].  To  verify  that  UV 
treatment  promotes  Lll  binding  to  the  c-myc  3’-UTR,  we 
transfected  293  cells  with  pGL3,  pGL3-myc-3’UTR-FL, 
or  pGL3-myc-3’UTR-Fl  plasmid  as  diagramed  in  Fig.  3C 
(the  FI  fragment  contains  the  miR- 130a  binding  site,  but 
lacks  the  LI  1-binding  site),  followed  by  UV  treatment.  As 
shown  in  Fig.  6B,  UV  treatment  significantly  reduced  the 
luciferase  activity  in  cells  expressing  pGL3-myc-3’UTR- 
FL,  but  not  the  control  pGL3  or  pGL3-myc-3’UTR-Fl 
plasmid  lacking  the  Lll  binding  site.  Consistently,  UV 
treatment  significantly  increased  the  binding  of  Lll  to  the 
luciferase  mRNA  in  cells  transfected  with  pGL3-myc  3’- 
UTR,  but  not  the  control  pGL3  or  pGL3-myc-3’UTR-Fl 
(Fig.  6C).  These  data  reveal  that  UV  treatment  increases 
the  Lll  binding  to  the  c-myc  3’-UTR  and  inhibits  c-Myc 
expression. 
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Figure  5:  Lll  is  involved  in  UV-induced  c-Myc  downregulation.  (A-D)  UV  irradiation  decreases  c-Myc  levels.  U20S  cells 
were  exposed  to  different  dosages  of  UV  (A)  (B)  or  40  J/m2  UV  for  different  times  (C)  (D).  The  cells  were  assayed  for  the  expression  of 
c-Myc  protein  by  IB  (A)  (C)  and  c-myc  mRNA  by  RT-qPCR  (B)  (D).  (E)  MG132  treatment  partially  rescued  the  c-Myc  reduction  by  UV 
treatment.  U20S  cells  treated  with  40  J/m2  UV  were  cultured  in  the  presence  or  absence  of  40  pM  MG132  for  6  hours  followed  by  IB.  (F) 
UV  treatment  does  not  reduce  the  levels  of  HuR,  eIF4G  and  ribosomal  protein  L5  (RPL5).  U20S  cells  were  treated  with  different  dosages 
of  UV  for  6  hours  and  assayed  by  IB.  (G-H)  Knockdown  of  LI  1  abolished  the  c-Myc  reduction  by  UV  treatment.  U20S  cells  transfected 
with  scrambled  or  L 1 1  siRNA  were  treated  with  40  J/m2  UV  for  6  hours.  The  cells  were  subjected  to  IB  detection  of  c-Myc  protein  (G)  and 
RT-qPCR  detection  of  c-myc  mRNA  (H).  *p  <  0.01,  compared  to  scrambled  RNA  transfected  cells. 


To  examine  whether  Lll  promotes  the  recruitment 
of  miR-130a-loaded  miRISC  to  c-myc  mRNA  in 
response  to  UV,  U20S  cells  treated  with  or  without 
UV  were  subjected  to  IP  with  anti-Ago2,  anti-Lll 
antibodies,  or  control  IgG.  As  shown  in  Figs.  6D  and 
6E,  the  binding  of  Ago2  to  both  c-myc  mRNA  and  miR- 
130a  was  markedly  increased  in  the  cells  treated  with 
UV  compared  to  the  controls.  Lll  binding  to  miR-130a 
was  also  drastically  increased  in  cells  treated  with  UV 
(Fig.  6F).  Interestingly,  although  Lll  recruits  miR-24  to 
the  c-myc  3’-UTR  in  response  to  ribosomal  stress  (22), 
the  binding  of  L 1 1  and  Ago2  to  miR-24  following  U V 
treatment  was  much  less  robust  compared  to  that  of  miR- 
130a  (Figs.  6E  and  6F),  suggesting  that  miR-130a  plays 
a  prevalent  role  over  miR-24  in  c-Myc  down-regulation 
in  response  to  UV  irradiation.  In  addition,  co-IP  analysis 


showed  that  the  interaction  between  Lll  and  Ago2  was 
increased  in  both  U20S  (Fig.  6G)  and  293  cells  (data  not 
shown)  by  UV  treatment.  This  interaction  is  specific,  as 
we  did  not  detect  the  interaction  between  Lll  and  the 
eIF4G,  an  essential  scaffold  protein  in  the  translation 
initiation  eIF4E  complex  that  allows  ribosome  binding 
to  the  5 ’-cap  of  mRNAs  during  an  early  step  in  the 
initiation  of  translation  (59)  and  may  also  play  a  role 
in  miRNA-mediated  translation  inhibition  (60),  in 
cells  either  treated  with  or  without  UV  (Fig.  6H). 
Together,  these  results  demonstrate  that  Lll  promotes 
the  recruitment  of  miR-130a-loaded  miRISC  to  c-myc 
mRNA  and  down-regulates  c-myc  mRNA  in  response  to 
UV  irradiation. 

Finally,  we  found  that  inhibiting  miR-130a  by  the 
miR-130a  inhibitor  significantly  abolished  UV-induced 
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Figure  6:  Lll  recruits  miR-130a-loaded  miRISC  to  c-myc  mRNA  in  response  to  UV  irradiation.  (A)  UV  treatment  increases 
the  L 1 1  binding  to  c-myc  mRNA.  U20S  cells  treated  without  or  with  UV  were  subjected  to  RNA-IP  using  control  IgG  or  anti-L  1 1  antibodies, 
followed  by  RT-qPCR  assays.  (B-C)  Lll  inhibition  of  c-Myc  in  response  to  UV  requires  its  binding  to  the  c-myc  3  ’-UTR.  293  cells  transfected 
with  pGL3,  pGL3-myc  3’-UTR-FL,  or  pGL3-myc  3’-UTR-Fl  were  treated  with  or  without  UV.  The  cells  were  then  assayed  for  the  relative 
luciferase  activity  normalized  to  (3-gal  expression  (B)  and  subjected  to  RNA-IP  using  anti-L  1 1  antibodies,  followed  by  RT-qPCR  detection 
of  the  luciferase  mRNA.  (D)  UV  treatment  increases  Ago2  binding  to  c-myc  mRNA.  U20S  cells  treated  with  or  without  UV  were  subjected 
to  RNA-IP  using  control  IgG  or  anti-Ago2  antibodies,  followed  by  RT-qPCR  detection  of  c-myc  mRNA  (D).  (E-F)  UV  treatment  increases 
the  binding  of  L 1 1  and  Ago2  to  miR- 1 30a,  and,  to  a  less  extent,  to  miR-24.  U20S  cells  treated  with  or  without  UV  were  subjected  to  RNA- 
IP  using  control  IgG  or  anti-Ago2  (E)  or  anti-L  1 1  (F)  antibodies,  followed  by  RT-qPCR  detection  of  miR- 130a,  miR-24  and  the  control  U6 
RNA.  (G-H)  UV  treatment  increases  the  Lll  binding  to  Ago2,  but  not  eIF4G.  U20S  cells  treated  with  or  without  UV  were  subjected  to  co-IP 
with  anti-Ago2  (G)  and  anti-eIF4G  (H)  antibodies  followed  by  IB.  (I — J)  Inhibiting  miR- 130a  abolishes  c-Myc  reduction  by  UV  treatment. 
U20S  cells  transfected  with  control  or  miR- 130a  inhibitor  were  treated  with  or  without  UV.  The  cells  were  assayed  for  the  expression  of 
c-myc  mRNA  by  RT-qPCR  (I)  and  c-Myc  protein  by  IB  (J).  *p  <0.05,  compared  the  ratio  of  lane  4  to  lane  3  with  the  ratio  of  lane  2  to  lane  1. 
In  all  above  assays,  cells  were  treated  with  40  J/m2  UV  and  harvested  at  6  hours  post-treatment. 


reduction  of  c-Myc  mRNA  (Fig.  61,  compare  the  ratio 
of  column  4  to  column  3  with  the  ratio  of  column  2  to 
column  1)  and  protein  (Fig.  6J,  compare  the  ratio  of 
lane  4  to  lane  3  with  the  ratio  of  lane  2  to  lane  1).  Thus, 


these  results  demonstrate  that  Lll  plays  an  important 
role  in  c-Myc  down-regulation  in  response  to  UV 
irradiation  by  promoting  miR-130a-loaded  miRISC  to 
c-myc  mRNA. 
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Lll  recruits  miR-130a  to  target  c-myc  mRNA  in 
the  cytoplasm 

To  test  how  Lll  targets  c-myc  mRNA  in  response 
to  UV  treatment,  we  examined  whether  UV  treatment 
could  increase  Lll  levels  in  the  cytoplasm.  U20S  cells 
treated  with  or  without  UV  were  fractionated  into  the 
cytoplasm,  nucleoplasm  and  nucleolar  fractions,  followed 
by  IB.  As  shown  in  Fig.  7A,  UV  treatment  significantly 
increased  the  levels  of  L 1 1  in  both  the  nucleoplasm  and 
the  cytoplasm,  whereas  the  nucleolar  Lll  was  reduced 


by  UV  treatment.  This  is  consistent  with  previous  report 
showing  that  UV  damage  causes  nucleolar  disruption  [42]. 
RNA-IP  assays  using  the  cytoplasmic  and  nucleoplasmic 
lysates  with  control  or  anti-L  1 1  antibodies  showed  that 
UV  treatment  significantly  increased  the  Lll  binding  to 
both  c-myc  mRNA  (Fig.  7B)  and  miR-130a  (Fig.  7C)  in 
the  cytoplasm,  but  not  in  the  nucleoplasm.  These  results 
indicate  that  in  response  to  UV  damage,  L 1 1  is  released 
form  the  nucleolus  to  the  cytoplasm  where  it  recruits 
miR-130a/miRlSC  to  the  c-myc  3’-UTR,  leading  to  c-myc 
mRNA  decay. 
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Figure  7:  UV  irradiation  promotes  Lll  interaction  with  miR-130a  and  c-myc  mRNA  in  the  cytoplasm.  (A)  UV  treatment 
releases  Lll  from  the  nucleolus  into  the  nucleoplasm  and  the  cytoplasm.  U20S  cells  treated  with  or  without  40  J/m:  UV  for  6  hours  were 
subjected  to  isolation  of  cytoplasm  (Cyto),  nucleoplasm  (Np),  and  the  nucleolus  (No)  fractions,  followed  by  IB  detection  of  indicated 
proteins.  Tubulin,  SP1,  andnucleolin  (C23)  were  used  as  cytoplasm,  nucleoplasm  and  nucleolar  markers,  respectively.  (B-C)  UV  treatment 
increases  Lll  binding  to  miR-130a  and  c-myc  mRNA  in  the  cytoplasm.  The  cytoplasmic  and  the  nuclear  (Nuc)  fractions  isolated  from 
U20S  cells  treated  with  or  without  40  J/m2  UV  for  6  hours  were  immunoprecipitated  with  anti-L  11  antibodies  or  control  rabbit  IgG, 
followed  by  RT-qPCR  detection  of  c-myc  mRNA  (B)  and  miR-130a  (C). 
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DISCUSSION 

Herein,  we  have  identified  that  miR-130a  is  a  novel 
Lll-associated  miRNA  that  suppresses  c-Myc  expression. 
Several  lines  of  evidence  demonstrate  that  miR-130a 
directly  targets  c-myc  mRNA:  (1)  Overexpression  of  miR- 
130a  reduced  the  levels  of  c-Myc  protein  and  mRNA, 
whereas  inhibiting  endogenous  miR-130a  significantly 
increased  the  levels  of  c-Myc  protein  and  mRNA  (Fig.  2); 
(2)  miR-130a  expression  reduced  the  luciferase  reporter 
activity  in  cells  transfected  with  pGL3-c-myc  3’-UTR,  but 
not  the  control  pGL3  plasmid  (Fig.  3A).  Further  mapping 
analysis  with  pGL3  -c-myc  3’-UTR  mutants  showed 
that  miR-130a  binds  to  the  5’  end  BS-1  region  (nt  21- 
42)  in  the  c-myc  3’-UTR  (Fig.  3D);  (3)  RNA-FP  assays 
showed  that  c-myc  mRNA  was  enriched  in  anti-Ago2 
immunoprecipitates  when  miR-130a  is  overexpressed  in 
cells  (Fig.  3E).  Functionally,  we  show  that  overexpression 
of  miR-130a  significantly  inhibited  cell  cycle  progression 
and  suppressed  cell  proliferation  (Fig.  4).  These  results 
indicate  that  miR-130a  can  suppress  cell  proliferation  via 
targeting  c-myc  mRNA. 

miR-130a  has  recently  emerged  as  a  key  miRNA 
that  inhibits  cancer  cell  proliferation,  invasion  and 
migration  by  targeting  other  cellular  proteins  that 
promote  cell  proliferation  or  have  oncogenic  potential. 
For  example,  miR-130a  targets  MET  receptor  tyrosine 
kinase  to  suppress  lung  cancer  cell  migration  and  promote 
TRAIL-induced  apoptosis  [43].  miR-130a,  jointly  with 
miR-203  and  miR-205,  targets  several  components  in  the 
MAPK  and  androgen  receptor  (AR)  pathways  to  induce 
apoptosis  and  cell  cycle  arrest  in  prostate  carcinoma  cells 
[44].  miR-130a  also  targets  ATG2B  and  DICER1  to  inhibit 
autophagy  and  trigger  killing  of  chronic  lymphocytic 
leukemia  cells  (50).  Consistently,  miR-130a  has  been 
shown  down-regulated  in  multiple  cancers  [43,  44,  50] 
and  leukemias  [51],  Together  with  our  observation  that 
miR-130a  directly  targets  c-Myc,  these  results  reveal  that 
miR-130a  may  possess  tumor  suppressor  function. 

Interestingly,  we  found  that  Lll  promotes  the 
recruitment  of  miR-130a  to  c-myc  mRNA  to  suppress 
c-Myc  expression  in  response  to  UV  irradiation.  UV  has 
been  shown  to  induce  c-Myc  protein  degradation  and  it 
was  thought  that  c-Myc  down-regulation  is  part  of  the 
global  cell  response  to  DNA  damage,  complementary 
to  the  activation  of  p53  to  stall  cell  cycle  progression, 
thereby  preventing  genomic  instability  [29].  Our  results 
here  showed  that  UV  also  causes  c-myc  mRNA  decay 
through  an  Lll-  miR- 1 30a-mediated  mechanism.  UV 
treatment  significantly  increased  the  binding  of  Lll 
and  Ago2  to  miR- 130a  and  c-myc  mRNA  as  well  as  the 
interaction  between  Lll  and  Ago2  (Fig.  6).  Knockdown 
of  Lll  (Figs.  5G  and  5H)  or  inhibiting  miR- 130a  (Figs. 
61  and  6J)  significantly  blocked  UV  treatment-induced 
c-Myc  reduction.  These  results  reveal  that  upon  UV 
treatment,  Lll  promotes  miR-130a-loaded  miRISC  to 


target  c-myc  mRNA.  Our  finding  is  additionally  supported 
by  a  recent  study  showing  that  UV  triggers  a  cell-cycle- 
dependent  relocalization  of  Ago2  into  stress  granules  and 
various  miRNA-expression  changes,  which  mediate  gene 
regulation  earlier  than  most  transcriptional  responses 
[52].  Thus,  c-Myc  down-regulation  via  miRNA-mediated 
mRNA  decay  is  a  specific  cellular  response  to  UV 
irradiation,  rather  than  a  general  cellular  stress  outcome. 

Our  study  also  suggests  that  Lll  acts  as  a  stress- 
induced  accessory  factor  to  facilitate  Ago2-miR-130a 
loading  onto  c-myc  mRNA.  Under  normal  condition, 
miR- 1 30a  weakly  associates  with  Ago2  and  the  basal  level 
of  c-myc  mRNA  targeting  by  Ago2  is  minimal  (Fig.  6), 
likely  due  to  the  lack  of  significant  amount  of  free  Lll 
or  proper  modification  of  Lll.  Upon  UV  irradiation, 
Lll  is  relocalized  from  the  nucleolus  to  the  cytoplasm 
where  it  targets  miR-130a  to  c-myc  mRNA  (Fig.  7).  This 
is  consistent  with  the  notion  that  UV  irradiation  disrupts 
the  nucleolus  [42]  and  thus  inducing  ribosomal  stress. 
It  is  interesting  to  examine  whether  posttranslational 
modification  of  Lll  may  contribute  to  this  process.  Of 
note,  we  have  previously  shown  that  Lll  binds  to  the  3’- 
end  of  c-myc  3’-UTR  [22]  whereas  miR-130a-binding 
site  is  located  at  the  5’-end  of  c-myc  3’-UTR  (Fig.  3D), 
suggesting  that  structural  accessibility  contributes  to 
this  LI  1 -recruited  miR- 130a -c-myc  mRNA  complex. 
The  5’  BS-1  (nt  2 1 — 42)  region  contains  a  loop  structure 
(consistent  with  the  recent  finding  that  single  stranded 
(loop)  sites  are  more  accessible  for  Ago2  binding  and 
more  likely  to  be  true  miRNA  targets  [53]),  that  is  located 
close  to  the  3’  end  in  predicted  secondary  structure  of 
c-myc  3’-UTR  (not  shown),  suggesting  that  the  secondary 
structure  of  the  c-myc  3’-UTR  is  accessible  to  the  L 1 1  - 
miR-130a-Ago2  complex.  Alternatively,  Lll  binding 
may  change  the  c-myc  3’UTR  conformation,  allowing  the 
targeting  by  miR-130a/miRlSC.  Nevertheless,  our  results 
strongly  suggest  that  upon  UV  irradiation,  Lll  recruits 
miR-130a-loaded  miRISC  to  target  c-myc  3’-UTR,  leading 
to  c-myc  mRNA  decay,  demonstrating  a  novel  mechanism 
underlying  c-Myc  downregulation  in  response  to  UV- 
induced  DNA  damage. 

EXPERIMENTAL  PROCEDURES 

Cell  culture  and  UV  irradiation 

Human  embryonic  kidney  epithelial  293  cells 
and  human  osteosarcoma  U20S  cells  were  cultured 
in  Dulbecco’s  modified  Eagle’s  medium  (DMEM) 
supplemented  with  10%  fetal  bovine  serum  (FBS), 
50  U/ml  penicillin  and  0.1  mg/ml  streptomycin  at  37°C 
in  a  5%  CO,  humidified  atmosphere.  Human  diploid 
lung  fibroblast  WI38  cells  were  cultured  in  DMEM 
supplemented  with  15%  FBS  and  MEM  nonessential 
amino  acids  (Gibco)  [22,  54].  Cells  were  irradiated  with 
UV-C  at  50%-70%  confluency  in  the  absence  of  medium 
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without  the  lid  as  described  previously  [55].  After  UV 
irradiation,  the  medium  was  added  to  the  plates. 

Plasmids  and  antibodies 

The  Flag-tagged  Lll  (Flag-Lll)  and  pGL3- 
myc  3’UTR  luciferase  reporter  plasmids  were 
described  previously  [22],  except  that  the  mutant  with 
the  deletion  of  the  BS-1  (pGL3-myc-3’UTRABSl) 
was  constructed  by  PCR  using  pGL3-myc  3’UTR 
plasmid  as  a  template.  The  primers  used  are:  5'- 
CGCT  CTAG  AGGA  A  AAGTAAGGAA  AACG  ATAGCA  A 
TCACCTATGAACTTG-3'  (forward)  and  5'-CGCTCTAGA 
TTGGCTCAATGATATATTTGCCA  G-3'  (reverse).  The 
PCR  product  was  then  cloned  into  pGL3-promoter  plasmid 
(Promega)  at  the  Xba  I  site  and  sequenced.  Anti-Flag  (M2; 
Sigma),  rabbit  polyclonal  anti-Ago2  (Millipore),  mouse 
monoclonal  anti-Ago2  (Abeam),  and  mouse  polyclonal 
anti-Myc  (Y69;  Abeam)  antibodies  were  purchased. 
Rabbit  polyclonal  anti-Lll  antibodies  were  previously 
described  [56]. 

Transfection,  immunoblot,  and 
co-immunoprecipitation  analyses 

Cells  were  transfected  with  plasmids  using 
TransIT-LTl  (Mirus  Bio  Corporation,  for  U20S  cells), 
TransFectin  (Bio-Rad,  for  293  cells),  or  Li pofect amine" 
2000  (Invitrogen,  for  WI38  cells)  reagents  following  the 
manufacturers’  protocols.  Cells  were  harvested  at  48  hours 
posttransfection  and  lysed  in  lysis  buffer  consisting  of 
50  mM  Tris-HCl  (pH  8.0),  0.5%  Nonidet  P-40,  1  mM 
EDTA,  150  mM  NaCl,  1  mM  phenylmethylsulfonyl 
fluoride  (PMSF),  1  mM  dithiothreitol  (DTT),  1  pg/ml 
pepstatin  A,  and  1  mM  leupeptin.  Equal  amounts  of 
cell  lysates  were  used  for  immunoblot  (IB)  analysis 
as  described  previously  (54).  Co-immunoprecipitation 
(co-IP)  was  conducted  as  described  previously  [22,  54]. 

Immunoprecipitation  of  protein-associated 
RNAs  (RNAIP) 

Immunoprecipitation  of  RNA-protein  complexes 
was  performed  as  described  [22].  Briefly,  cells  were  lysed 
in  polysome  lysis  buffer  (100  mM  KC1,  5  mM  MgCl,, 
10  mM  HEPES  [pH  7.0],  0.5%  Nonidet  P-40,  1  mM  DTT, 
100  U/ml  RNase  inhibitor)  supplemented  with  20  mM 
EDTA  and  protease  inhibitors  on  ice  for  20  minutes.  After 
centrifugation,  the  supernatants  were  pre-cleared  with 
protein  A-Sepharose  beads  and  then  diluted  (1:10  |  vol/ 
vol])  in  NT2  buffer  (50  mM  Tris  [pH  7.4],  150  mM  NaCl, 
1  mM  MgCl„  0.05%  Nonidet  P-40,  1  mM  DTT,  100  U/ml 
of  RNase  inhibitor)  supplemented  with  20  mM  EDTA  and 
protease  inhibitors  and  incubated  with  primary  antibodies 
at  4°C  for  4  hours,  followed  by  incubation  with  protein  A/G 
beads  for  an  additional  2  hours.  The  beads  were  washed 
five  times  with  NT2  buffer  supplemented  with  protease 


inhibitors.  The  bead-bound  protein-RNA  complexes  were 
then  treated  with  DNase  I  and  proteinase  K  and  eluted 
twice  with  NT2  buffer  containing  0.1%  SDS.  RNAs  were 
extracted  from  the  elution  with  phenol-chloroform  and 
ethanol  precipitation  and  subjected  to  RT-qPCR  assays. 

Luciferase  reporter  assays 

Cells  were  transfected  with  pCMV-P-galactoside 
(P-gal)  and  luciferase  reporter  plasmid  pGL3,  pGL3-myc- 
3’UTR  or  its  mutants,  together  with  control  or  miR-130a 
mimic.  Luciferase  activity  was  determined  and  normalized 
by  calculating  P-gal  activity  as  described  previously  [22]. 

RT-qPCR  analysis 

Total  RNA  was  isolated  from  cells  using  TRIzol 
reagent  (Invitrogen)  or  Qiagen  miRNeasy  mini  Kit 
(Qiagen,  Valencia,  CA).  Reverse  transcriptions  were 
performed  as  described  [22,  57].  qPCR  was  performed 
using  an  ABI  StepOne  real-time  PCR  system  (Applied 
Biosystems)  and  iTaqTM  Universal  SYBR  Green 
Supermix  (Bio-Rad)  for  mRNA  expression  determinations 
as  described  previously  [22,  57].  Analysis  of  mature 
miRNAs  expression  was  performed  using  a  TaqMan 
miRNA  assay  kit  (Applied  Biosystems)  following 
the  manufacturer’s  protocol  [22].  All  reactions  were 
carried  out  in  triplicate.  Relative  gene  expression  levels 
were  calculated  using  the  ACt  method  following  the 
manufacturer’s  instructions.  The  primers  for  c-Myc, 
luciferase  and  GAPDH  were  previously  described  [22]. 

RNA  interference  (RNAi)  and  miRNA 
transfection 

The  21-nt  siRNA  duplexes  with  a  3’  dTdT  overhang 
were  synthesized  by  Dharmacon  Inc.  (Lafayette,  CO). 
The  target  sequences  for  Lll  and  control  scramble  II 
RNA  were  previously  described  [22].  The  miRIDIAN 
miR-130a  mimic,  negative  control  cel-miR-67  mimic, 
miRIDIAN  miR-130a  hairpin  inhibitor  and  miRIDIAN 
microRNA  inhibitor  negative  control  were  purchased 
from  Dharmacon  Inc.  These  siRNA  duplexes  (100  nM) 
and  miRNA  mimics/inhibitors  (25  to  50  nM)  were 
introduced  into  cells  using  SilentFect  lipid  reagent  (Bio- 
Rad)  following  the  manufacturer’s  protocol.  The  cells 
were  analyzed  48  hours  after  transfection. 

Cell  cycle  analysis 

Cells  were  harvested,  washed  with  PBS  buffer  and 
stained  with  propidium  iodide  (PI;  Sigma)  staining  buffer 
(50  pg/ml  PI,  200  pg/ml  RNase  A,  and  0.1%  Triton  X-100 
in  PBS)  at  37°C  for  30  min.  The  cells  were  measured  for 
DNA  content  using  a  Becton  Dickinson  FACScan  flow 
cytometer.  Data  were  analyzed  using  FlowJo  software 
program. 
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Bromodeoxyuridine  (BrdU)  incorporation  assay 

BrdU  incorporation  assays  were  conducted  as 
described  previously  [56,  58].  Briefly,  cells  were  labeled 
with  10  uM  BrdU  for  10  hours  and  then  fixed  with  95% 
ethanol  and  5%  acetic  acid  and  treated  with  2M  HC1 
containing  1%  Triton  X-100.  The  cells  were  stained 
with  monoclonal  anti-BrdU  antibody  (Roche),  followed 
by  staining  with  Alexa  Fluor  546  (red)  goat  anti-mouse 
antibodies  and  4’,  6’-diamidino-2-phenylindole  (DAPI). 
Stained  cells  were  imaged  in  five  randomly  selected  fields 
with  an  EVOS  fluorescence  microscopy.  The  BrdU-positive 
cells  were  counted  and  quantified  using  the  ImageJ  software. 

Cell  fractionations 

Cytoplasmic  and  nuclear  fractions  were  isolated 
from  cells  as  previously  described  [22].  To  isolate 
nucleolar  fraction,  the  nuclear  pellets  were  resuspended  in 
buffer  SI  containing  0.25  M  sucrose  and  10  mM  MgCL, 
layered  over  buffer  S2  containing  0.35  M  sucrose  and 
0.5  mM  MgCfi,  and  centrifuged  at  l,430g  for  10  min  at 
4°C.  The  pelleted  nuclei  were  resuspended  in  buffer  S2 
followed  by  sonication.  The  sonicated  nuclei  were  then 
layered  over  buffer  S3  containing  0.88  M  sucrose  and 
0.5  mM  MgCl,  and  centrifuged  at  3,000g  for  10  min 
at  4°C.  The  pellet  contained  purified  nucleoli,  and  the 
supernatant  represented  the  nucleoplasm  [22]. 

Statistical  analysis 

All  the  statistical  differences  were  analyzed  by 
Student’s  /-test,  p  <  0.05  was  considered  statistically 
significant. 

ACKNOWLEDGEMENTS 

We  thank  members  in  our  laboratory  and  Dr.  Rosalie 
Sears’  laboratory  for  active  discussion.  This  work  was 
supported  by  a  grant  from  Department  of  Defense 
(W81XWH- 10- 1-1029)  and  NIH/NCI  grants  R00 
CA127134,  R01  CA160474  to  M-S.  D. 

Views  and  opinions  of  and  endorsements  by  the 
author)  s)  do  not  reflect  those  of  the  U.S.  Army  or  the 
Department  of  Defense. 

REFERENCES 

1.  Dang  CV.  MYC  on  the  path  to  cancer.  Cell.  2012;  149:22-35. 

2.  Luscher  B,  Vervoorts  J.  Regulation  of  gene  transcription  by 
the  oncoprotein  MYC.  Gene.  2012;  494:145-160. 

3.  Meyer  N,  Penn  LZ.  Reflecting  on  25  years  with  MYC. 
Nature  reviews.  Cancer.  2008;  8:976-990. 

4.  Nesbit  CE,  Tersak  JM,  Prochownik  EV.  MYC  oncogenes 
and  human  neoplastic  disease.  Oncog  ene.  1999;  18: 
3004-3016. 


5.  Liu  J,  Levens  D.  Making  myc.  Current  topics  in  microbiol¬ 
ogy  and  immunology.  2006;  302:1-32. 

6.  Spencer  CA,  Groudine  M.  Control  of  c-myc 
regulation  in  normal  and  neoplastic  cells.  Adv  Cancer 
Res.  1991;56:1-48. 

7.  Koromilas  AE,  Lazaris-Karatzas  A,  Sonenberg  N.  mRNAs 
containing  extensive  secondary  structure  in  their  5’  non¬ 
coding  region  translate  efficiently  in  cells  overexpressing 
initiation  factor  eIF-4E.  EMBOJ.  1992;  1 1 :4153— 4158. 

8.  Mazan-Mamczarz  K,  Lai  A,  Martindale  JL,  Kawai  T,  Gor 
ospe  M.  Translational  repression  by  RNA-binding  protein 
TIAR.  Mol  Cell  Biol.  2006;  26:2716-2727. 

9.  Farrell  AS,  Sears  RC.  MYC  degradation.  Cold  Spring  Flarb 
Perspect  Med.  2014;  4:pii:  a014365. 

10.  Harm  SR.  Role  of  post-translational  modifications  in  regu¬ 
lating  c-Myc  proteolysis,  transcriptional  activity  and  bio¬ 
logical  function.  Semi  Cancer  Biol.  2006;  16:288-302. 

11.  Sears  RC.  The  life  cycle  of  C-myc:  from  synthesis  to 
degradation.  Cell  cycle.  2004;  3:1 133-1 137. 

12.  Bonnieu  A,  Piechaczyk  M,  Marty  L,  Cuny  M,  Blanchard 
JM,  Fort  P,  Jeanteur  P.  Sequence  determinants  of  c-myc 
mRNA  turn-over:  influence  of  3’  and  5’  non-coding 
regions.  Oncogene  Res.  1988;  3:155-166. 

13.  Jones  TR,  Cole  MD.  Rapid  cytoplasmic  turnover  of  c-myc 
mRNA:  requirement  of  the  3’  untranslated  sequences.  Mol 
Cell  Biol.  1987;7:4513-4521. 

14.  Doyle  GA,  Betz  NA,  Leeds  PF,  Fleisig  AJ,  Prokipcak  RD, 
Ross  J.  The  c-myc  coding  region  determinant-binding 
protein:  a  member  of  a  family  of  KH  domain  RNA-binding 
proteins.  Nucleic  Acids  Res.  1998;  26:5036-5044. 

15.  Lee  CH,  Leeds  P,  Ross  J.  Purification  and  characterization  of 
a  polysome-associated  endoribonuclease  that  degrades  c-myc 
mRNA  in  vitro.  J  Biol  Chem.  1998;  273:25261-25271. 

16.  Zhang  W,  Wagner  BJ,  Ehrenman  K,  Schaefer  AW, 
DeMaria  CT,  Crater  D,  DeHaven  K,  Long  L,  Brewer  G. 
Purification,  characterization,  and  cDNA  cloning  of  an 
AU-rich  element  RNA-binding  protein,  AUF1.  Mol  Cell 
Biol.  1993;  13:7652-7665. 

17.  Ma  WJ,  Cheng  S,  Campbell  C,  Wright  A,  Furneaux  H. 
Cloning  and  characterization  of  HuR,  a  ubiquitously 
expressed  Elav-like  protein.  J  Biol  Chem.  1996;  271: 
8144-8151. 

18.  Marderosian  M,  Sharma  A,  Funk  AP,  Vartanian  R, 
Masri  J,  Jo  OD,  Gera  JF.  Tristetraprolin  regulates  Cyclin 
D1  and  c-Myc  mRNA  stability  in  response  to  rapamycin 
in  an  Akt-dependent  manner  via  p38  MAPK  signaling. 
Oncogene.  2006;  25:6277-6290. 

19.  Kim  HH,  Kuwano  Y.  Srikantan  S,  Lee  E.K.  Martindale  J.L, 
Gorospe  M.  HuR  recruits  let-7/RISC  to  repress  c-Myc 
expression.  Genes  Dev.  2009;  23:1743-1748. 

20.  Sachdeva  M,  hu  S,  Wu  F,  Wu  H,  Walia  V,  Kumar  S, 
Elble  R,  Watabe  K,  Mo  YY.  p53  represses  c-Myc  through 
induction  of  the  tumor  suppressor  miR-145.  Proc  Natl  Acad 
Sci  USA.  2009;  106:3207-3212. 


www.impactjournals.com/oncotarget 


1112 


Oncotarget 


21.  Cannell  IG,  Kong  YW,  Johnston  SJ,  Chen  ML, 
Collins  HM,  Dobbyn  HC,  Elia  A,  Kress  TR,  Dickens  M, 
Clemens  MJ,  Heery  DM,  Gaestel  M,  Eilers  M,  Willis  AE, 
Bushell  M.  p38  MAPK/MK2-mediated  induction  of  miR- 
34c  following  DNA  damage  prevents  Myc -dependent  DNA 
replication.  Proc  Natl  Acad  Sci  USA.  2010;  107:5375-5380. 

22.  Challagundla  KB,  Sun  XX,  Zhang  X,  DeVine  T,  Zhang  Q, 
Sears  RC,  Dai  MS.  Ribosomal  protein  LI  1  recruits  miR-24/ 
miRISC  to  repress  c-Myc  expression  in  response  to  ribo¬ 
somal  stress.  Mol  Cell  Biol.  2011;  31:4007-4021. 

23.  Lai  A,  Navarro  F,  Maher  CA,  Maliszewski  LE,  Yan  N, 
O’Day  E,  Chowdhury  D,  Dykxhoom  DM,  Tsai  P, 
Hofmann  O,  Becker  KG,  Gorospe  M,  Hide  W,  Lieberman  J. 
miR-24  Inhibits  cell  proliferation  by  targeting  E2F2, 
MYC,  and  other  cell-cycle  genes  via  binding  to  “seed¬ 
less”  3’UTR  microRNA  recognition  elements.  Mol 
Cell.  2009;  35:610-625. 

24.  Liao  JM,  Lu  H.  Autoregulatory  suppression  of  c-Myc  by 
miR-185-3p.  J  Biol  Chem.  2010;  286:33901-33909. 

25.  Kruse  JP,  Gu  W.  Modes  of  p53  regulation.  Cell.  2009; 
137:609-622. 

26.  Zhang  Y,  Lu  H.  Signaling  to  p53:  ribosomal  proteins  find 
their  way.  Cancer  Cell.  2009;  16:369-377. 

27.  Vogelstein  B,  Lane  D,  Levine  AJ.  Surfing  the  p53  network. 
Nature.  2000;  408:307-310. 

28.  Prochownik  EV.  c-Myc:  linking  transformation  and 
genomic  instability.  Curr  Mol  Med.  2008;  8:446-458. 

29.  Britton  S,  Salles  B,  Calsou  P.  c-MYC  protein  is  degraded  in 
response  to  UV  irradiation.  Cell  cycle.  2008;  7:63-70. 

30.  Popov  N,  Herold  S,  Llamazares  M,  Schulein  C,  Eilers  M. 
Fbw7  and  Usp28  regulate  myc  protein  stability  in  response 
to  DNA  damage.  Cell  cycle.  2007;  6:2327-2331. 

31.  Bartel  DP.  MicroRNAs:  target  recognition  and  regulatory 
functions.  Cell.  2009;  136:215-233. 

32.  Helwak  A,  Kudla  G,  Dudnakova  T,  Tollervey  D.  Mapping 
the  human  rniRNA  interactome  by  CLASH  reveals  frequent 
noncanonical  binding.  Cell.  2013;  153:654-665. 

33.  Krol  J,  Loedige  I,  Filipowicz  W.  The  widespread  regula¬ 
tion  of  microRNA  biogenesis,  function  and  decay.  Nat  Rev 
Genetics.  2010;  11:597-610. 

34.  Calin  GA,  Croce  CM.  MicroRNA  signatures  in  human 
cancers.  Nat  Rev  Cancer.  2006;  6:857-866. 

35.  Ling  H,  Fabbri  M,  Calin  GA.  MicroRNAs  and  other  non¬ 
coding  RNAs  as  targets  for  anticancer  drug  development. 
Nat  Rev  Drug  Discov.  2013;  12:847-865. 

36.  Zadran  S,  Remade  F,  Levine  RD.  miRNA  and  mRNA 
cancer  signatures  determined  by  analysis  of  expression 
levels  in  large  cohorts  of  patients.  Proc  Natl  Acad  Sci  USA. 
2013;  110:19160-19165. 

37.  Dai  MS,  Shi  D,  Jin  Y,  Sun  XX,  Zhang  Y,  Grossman  SR, 
Lu  H.  Regulation  of  the  MDM2-p53  pathway  by  ribosomal 


protein  Lll  involves  a  post-ubiquitination  mechanism. 
J  Biol  Chem.  2006;  281:24304-24313. 

38.  Lohrum  MA,  Ludwig  RL,  Kubbutat  MH,  Hanlon  M, 
Vousden  KH.  Regulation  of  HDM2  activity  by  the  ribo¬ 
somal  protein  Lll.  Cancer  Cell.  2003;  3:577-587. 

39.  Zhang  Y,  Wolf  GW,  Bhat  K,  Jin  A,  Allio  T,  Burkhart  WA, 
Xiong  Y.  Ribosomal  protein  Lll  negatively  regulates 
oncoprotein  MDM2  and  mediates  a  p5  3 -dependent 
ribosomal-stress  checkpoint  pathway.  Mol  Cell  Biol. 
2003;23:8902-8912. 

40.  Bhat  KP,  Itahana  K,  Jin  A,  Zhang  Y.  Essential  role  of  ribo¬ 
somal  protein  L 1 1  in  mediating  growth  inhibition-induced 
p53  activation.  EMBO  J.  2004;  23:2402-2412. 

41.  Sun  XX,  Dai  MS,  Lu  H.  5-fluorouracil  activation  of  p53 
involves  an  MDM2 -ribosomal  protein  interaction.  J  Biol 
Chem.  2007;  282:8052-8059. 

42.  Rubbi  CP,  Milner  J.  Disruption  of  the  nucleolus  mediates 
stabilization  of  p53  in  response  to  DNA  damage  and  other 
stresses.  EMBO  J.  2003;  22:6068-6077. 

43.  Acunzo  M,  Visone  R,  Romano  G,  Veronese  A,  Lovat  F, 
Palmieri  D,  Bottoni  A,  Garofalo  M,  Gasparini  P, 
Condorelli  G,  Chiariello  M,  Croce  CM.  miR-130a  targets 
MET  and  induces  TRAIL-sensitivity  in  NSCLC  by  down¬ 
regulating  miR-221  and  222.  Oncogene.  2012;  31:634-642. 

44.  Boll  K,  Reiche  K,  Kasack  K,  Morbt  N,  Kretzschmar  AK, 
Tomm  JM,  Verhaegh  G,  Schalken  J,  von  Bergen  M, 
Horn  F,  Hackermuller  J.  MiR-130a,  miR-203  and  miR-205 
jointly  repress  key  oncogenic  pathways  and  are  downregu- 
lated  in  prostate  carcinoma.  Oncogene.  2013;  32:277-285. 

45.  Hermeking  H.  MicroRNAs  in  the  p53  network: 
micromanagement  of  tumour  suppression.  Nat  Rev 
Cancer.  2012;  12:613-626. 

46.  Liu  C,  Kelnar  K,  Liu  B,  Chen  X,  Calhoun-Davis  T,  Li  H, 
Patrawala  L,  Yan  H,  Jeter  C,  Honorio  S,  Wiggins  JF, 
Bader  AG,  Fagin  R,  et  al.  The  microRNA  miR-34a  inhib¬ 
its  prostate  cancer  stem  cells  and  metastasis  by  directly 
repressing  CD44.  Nat  Med.  2011;  17:21 1-215. 

47.  Mavrakis  KJ,  Van  Der  Meulen  J,  Wolfe  AL,  Liu  X, 
Mets  E,  Taghon  T,  Khan  AA,  Setty  M,  Rondou  P, 
Vandenberghe  P,  Delabesse  E,  Benoit  Y,  Socci  N,  et  al. 
A  cooperative  microRNA-tumor  suppressor  gene  network  in 
acute  T-cell  lymphoblastic  leukemia  (T-ALL).  Nat  Genet. 
2011;43:673-678. 

48.  Zhang  B,  Pan  X,  Cobb  GP,  Anderson  TA.  microR  NAs 
as  oncogenes  and  tumor  suppressors.  Dev  Biol. 
2007;  302:1-12. 

49.  Miranda  KC,  Huynh  T,  Tay  Y,  Ang  YS,  Tam  WL, 
Thomson  AM,  Lim  B,  Rigoutsos  I.  A  pattern-based 
method  for  the  identification  of  MicroRNA  bind¬ 
ing  sites  and  their  corresponding  heteroduplexes. 
Cell.  2006;  126:1203-1217. 


www.impactjournals.com/oncotarget 


1113 


Oncotarget 


50.  Kovaleva  V,  Mora  R,  Park  YJ,  Plass  C,  Chiramel  AI, 
Bartenschlager  R,  Dohner  H,  Stilgenbauer  S,  Pscherer  A, 
Lichter  P,  Seiffert  M.  miRNA-130a  targets  ATG2B  and 
DICER  1  to  inhibit  autophagy  and  trigger  killing  of  chronic 
lymphocytic  leukemia  cells.  Cancer  Res.  2012;  72:1763-1772. 

51.  Zhu  X,  Lin  Z,  Du  J,  Zhou  X,  Yang  L,  Liu  G. 
Studies  on  microRNAs  that  are  correlated  with  the 
cancer  stem  cells  in  chronic  myeloid  leukemia.  Mol  Cell 
Biochem.  2014;  390:75-84. 

52.  Pothof  J,  Verkaik  NS,  van  IW,  Wiemer  EA,  Ta  VT, 
van  der  Horst  GT,  Jaspers  NG,  van  Gent  DC, 
Hoeij  makers  JH.  Persengiev  SP.  Micro RNA-mediated  gene 
silencing  modulates  the  UV-induced  DNA-damage  response. 
EMBO  J.  2009;  28:2090-2099. 

53.  Wan  Y,  Qu  K,  Zhang  QC,  Flynn  RA,  Manor  O, 
Ouyang  Z,  Zhang  J,  Spitale  RC,  Snyder  MP,  Segal  E, 
Chang  HY.  Landscape  and  variation  of  RNA  second¬ 
ary  structure  across  the  human  transcriptome.  Nat 
ure.  2014;  505:706-709. 

54.  Sun  XX,  Challagundla  KB,  Dai  MS.  Positive  regulation 
of  p53  stability  and  activity  by  the  deubiquitinating  enzyme 
Otubain  1.  EMBO  J.  2012;  31:576-592. 


55.  Lee  H,  Zeng  SX,  Lu  H.  UV  Induces  p21  rapid  turn¬ 
over  independently  of  ubiquitin  and  Skp2.  J  Biol  Chem. 
2006;281:26876-26883. 

56.  Dai  MS,  Arnold  H,  Sun  XX,  Sears  R,  Lu  H.  Inhibition  of 
c-Myc  activity  by  ribosomal  protein  Lll.  EMBO  J.  2007; 
26:3332-3345. 

57.  Li  Y,  Sun  XX,  Elferich  J,  Shinde  U,  David  LL,  Dai  MS. 
Monoubiquitination  is  critical  for  ovarian  tumor  domain- 
containing  ubiquitin  aldehyde  binding  protein  1  (Otubl)  to 
suppress  UbcH5  enzyme  and  stabilize  p53  protein.  J  Biol 
Chem.  2014;  289:5097-5108. 

58.  Sun  XX,  Wang  YG,  Xirodimas  DP,  Dai  MS.  Pert 
urbation  of  60S  ribosomal  biogenesis  results  in  ribosomal 
protein  L5  and  LI  1-dependent  p53  activation.  J  Biol 
Chem.  2010;  285:25812-25821. 

59.  Jackson  RJ,  Hellen  CUT,  Pestova  TV.  The  mechanism 
of  eukaryotic  translation  initiation  and  principles  of  its 
regulation.  Nat  Rev  Mol  Cell  Biol.  2010;  1 1 : 113-127. 

60.  Ryu  I,  Park  JH,  An  S,  Kwon  OS,  Jang  SK.  eIF4GI  facili¬ 
tates  the  microRNA-  mediated  gene  silencing.  Plos  One. 
2013;  8:e55725. 


www.impactjournals.com/oncotarget 


1114 


Oncotarget 


